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An experimental test has been made of DuBridge's 
theory of the distribution of normal energies of photo- 
electrons. With a modified parallel-plate method of 
analysis, photoelectrons were ejected from a strip of Mo 
foil which could be held at any desired temperature. 


Current-voltage curves for temperatures from 300° to 


965°K show a good agreement with the theory. From the 
shifts required to fit the experimental and theoretical 
curves the values of Vina at O°K can be determined. For 
any fixed temperature these values of V,, fit the Einstein 
equation, and for a fixed wave-length they are independent 
of 7, as required by the theory. 


INTRODUCTION 

N a previous paper' one of the authors has 

developed a theory of the energy distribution 
of photoelectrons, based upon the assumption 
that the free electrons in a metal obey the Fermi- 
Dirac statistics. The theory leads to the conclu- 
sion that the energy distribution curves should 
approach the axis asymptotically, so that there 
is nO Maximum emission energy except at 0°K. 
The theory was found to be in good agreement 
with some preliminary experimental results. It 
is the purpose of this paper and the one by 
Dr. Roehr which follows to describe a more 
complete experimental test of the theory which 
has been carried out in this laboratory. In the 
present paper attention is confined to the 
“normal” energies, i.e., the energy associated 
with the velocity component normal to the 
emitting surface. 


THEORY 
If a plane metal plate is illuminated by unit 
energy of light of frequency v then, as was shown 


'L. A. DuBridge, Phys. Rev. 43, 727 (1933). Hereafter 
referred to as Paper I. 


in Paper I, the photoelectric current J reaching 
a parallel collecting plate against a retarding 
potential V e.s.u. should be given by 


I=BAT*%,(x), (1) 


where 8 is an undetermined constant, A is a 
universal constant? = 4rmk?/h', x =(V,,— V)e/kT 
and ,(x) is Fowler’s universal function.’ V,, is 
the stopping potential at O°K and is given by 
the Einstein equation, V,,e=hv— ge, ¢ being the 
surface work function at 0°K. 

For analyzing experimental results Fowler’s 
method may be used. Eq. (1) is written in the 
form 

log (1/T?) = B+ (x), (2) 


where B is a constant independent of v and 7, 
and (x) =log When the experimental 
results are plotted in the form log (J/7*) against 
Ve/kT they should yield a curve of the same 


? This is the correct value of this constant, rather than 
that given in Eq. (12) of Paper I. The latter value was 
that obtained by Fowler who integrated with respect to the 
velocity rather than the energy. 

°>R. H. Fowler, Phys. Rev. 38, 45 (1931). 
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form as the theoretical curve #(x) vs. x. The 
vertical component of the shift required to fit 
the curves is unimportant, but is independent 


of v and 7, while the horizontal shift is equal 
to Vne/kT. 


EXPERIMENTAL METHOD 


Tube and vacuum system 


In order to have the photoelectrons ejected 
from a surface which could be maintained at a 
constant high temperature, the ordinary parallel- 
plate method was slightly modified. As shown in 
Fig. 1, a strip of Mo foil (382.60.01 mm) 
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Fic. 1. A, front view of filament and guard plates. B, 
top view of tube. M, Mo foil filament. VN, Ni guard 
plates. C, Ni collector plate. S, slit. 


was mounted between two co-planar semicircular 
Ni plates which served as guard rings. Parallel 
to these at a distance of 4.8 mm was mounted a 
Ni collector plate with a narrow slit for admitting 
light to the Mo strip. The electric field at the 
surface of the Mo was thus nearly uniform and 
normal to the surface. The contact potential 
between the Mo strip and the Ni guard plates 
was measured photoelectrically and compensated 
for by an external potential divider, V. in Fig. 2. 
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Fic. 2. Wiring diagram. A, potential divider. V’, ap- 
plied retarding potential. V., compensating potential. 
R=3.9X10" ohms. Filter eliminates scattered light of 
short wave-length. 
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The plates and foil were mounted rigidly on 
Pyrex supports in a Pyrex tube with a quartz 
window, connected to the usual type of high- 
vacuum system. The temperature of the Mo 
filament was determined from its resistance, and 
it was given a long preliminary outgassing at 
temperatures up to 2000°K. The Ni plates were 
flashed repeatedly with an induction furnace 
and when thoroughly outgassed their work 
function was sufficiently high (about 5 volts‘) 
that they were practically insensitive to light of 
wave-length longer than 2482A. Reverse currents 
from the collecting plate were therefore negligible 
in most cases, though they were corrected for 
when present. 


Electrical circuit 

A diagram of the essential parts of the electric 
circuit is shown in Fig. 2. An accurately cali- 
brated potential divider A furnished the re- 
tarding potential |’ between emitter and col- 
lector, and V was corrected for the small po- 
tential drop across the high resistance R due to 
the photocurrent. An FP-54 amplifier of the 
Soller type was used to measure the currents. 
For the measurements at higher temperatures it 
is necessary to eliminate the potential drop 
across the filament and the magnetic field 
around it, caused by the heating current. This 
was accomplished by heating with the inter- 
mittent current from a low voltage, 60-cycle 
transformer rectified by an FG-32 Phanotron 
(mercury vapor rectifier). A rotating sector S$ 
was mounted on a synchronous motor connected 
to the same 60-cycle mains and adjusted so that 
light was admitted to the tube only during the 
portions of the cycle when no heating current 
was flowing. 


RESULTS 


Typical current-voltage curves for \2400 at 
two different temperatures are shown in Fig. 3. 
At the higher temperature there is, in addition 
to the increased emission, a definite enhancement 
of the “tail” which is quite striking on a large 
scale diagram. On this scale the room tempera- 
ture curve is almost indistinguishable from the 


curve to be expected at 0°K. 


*Cf. G. N. Glasoe, Phys. Rev. 38, 1490 (1931). 
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Fic. 3. Observed current-voltage curves for 42400. 


Fig. 4 shows the analysis by the Fowler 
method of curves for four different wave-lengths 
at a temperature of 785°K. Similar curves were 
obtained for other temperatures, a set for room 
temperature having been given in Paper I. The 
full lines are the theoretical curves shifted to fit 
each set of experimental points, the origins of 
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Fic. 4, Analysis of current-voltage curves at 785°K. 


the theoretical curves being shown. The vertical 
shifts are the same for all curves as required by 
the theory, the photocurrent having been reduced 
to unit intensity of incident light. From the 
horizontal shifts one obtains, after correcting for 
the contact potential between emitter and col- 
lector, the values of V,, at O°K. When plotted 
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Fic. 5. Analysis of curves for \2400. Values of V,, are: 0.107, 0.105, 0.101 and 0.113 volt. 
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Fic. 7. Analysis of curves for \2536. Values of V,, are: 0.44, 0.42, 0.42 and 0.41 volt. 
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against v these values fit, within experimental 
error, a straight line whose slope is h/e. Because 
of the uncertainties in the graphical fitting 
process there is an uncertainty in V,, of about 
(0.01 or 0.02 volt. 

For the purpose of testing more precisely 
whether the current-voltage curves vary with 
the temperature in the manner predicted by the 
theory, curves for a fixed wave-length were 
taken in rapid succession for a series of temper- 
atures. The results of analyzing these data are 
shown in Figs. 5, 6 and 7. The vertical shifts 
are again the same, and it is seen that the values 
of V, obtained from the horizontal shifts are, 
within experimental error, independent of 7. 
This is an important confirmation of the theory. 


CONCLUSION 
It is quite evident that the theory, predicts 
quite accurately the general form of the lower 


DISTRIBUTION 


OF PHOTOELECTRONS 865 
portions of the current-voltage curves obtained 
in these experiments. This alone might not be 
conclusive, for it is possible that if the experi- 
mental curves had been of a slightly different 
shape it would still have been possible to fit a 
portion of them to the theoretical curve. How- 
ever, since the lower portion of the theoretical 
curve is nearly linear comparatively small devi- 
ations in the shape of the tail of the experimental 
curve would have shown up quite clearly. 
Furthermore the fact that when the fit is made 
the vertical shifts are all the same, and the 
horizontal shifts give consistent values of V,,, 
must be interpreted as giving strong support to 
the theory. Still more accurate and convincing 
evidence is given in the paper by Dr. Roehr. 
The experimental work described herein was 
made possible by a grant to one of us (L.A.D.) 
from a fund given by the Rockefeller Foundation 
to Washington University for research in science. 
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The Effect of Temperature on the Energy Distribution of Photoelectrons. 
II. Total Energies* 


WALTER W. RoeuR, Washington University, St. Louis, Missouri 
(Received September 22, 1933) 


An experimental test of DuBridge’s theory of the total 
energy distribution of photoelectrons. Photoelectrons were 
released from an outgassed Mo filament placed at the 
center of a large collecting sphere connected to an FP-54 
amplifier and current-voltage curves obtained for filament 
temperatures from 300 to 1000°K. The effect of tempera- 
ture on the tail of these curves is quite pronounced, and 
when analyzed by DuBridge’s method the curves show an 
excellent agreement with the theory. The derived energy 


distribution curves are also in general agreement with the 
theory and show, at room temperature, a most probable 
energy much closer to the maximum energy than obtained 
by other investigators. Further analysis of the theoretical 
curves has shown that fortunately they are of such a form 
that the temperature effect has probably not introduced 
appreciable errors in the determinations of h by the 
photoelectric method. 


INTRODUCTION 


N the previous paper in this issue of the 

Physical Review, DuBridge and Hergen- 
rother' have described an experimental test of 
the portion of DuBridge’s theory? of energy 
distribution of photoelectrons relating to the 
energies perpendicular to the emitting surface. 
The present paper is a report of a test of the 
part having to do with the fotal energy of escape. 

The ideal method for analyzing the distribu- 
tion of total energies is to cause photoelectrons 
to be ejected from a small sphere placed at the 
center of a much larger collecting sphere, and 
to vary the retarding potential between the two. 
The photocurrent, /, to the collector when the 
retarding voltage is V is a measure of the number 
of electrons escaping with an initial energy 
greater than Ve. DuBridge derived the following 
approximate expression for the current-voltage 
curve for this case: 


F(x, x.), (1) 


where A is an undetermined constant, & the 
Boltzmann constant, 7 the absolute temperature 


* Presented in part at the Chicago meeting of the 
American Physical Society, June 19, 1933. See Phys. Rev. 
44, 316 (1933). 

1L. A. DuBridge and R. C. Hergenrother, Phys. Rev. 
44, 861 (1933). 

2?L. A. DuBridge, Phys. Rev. 43, 727 (1933). Hereafter 
referred to as Paper I. 


of the emitting surface, and x and x, are abbrevi- 
ations for the expressions Ve/kT and V,,e/kT, 
respectively, V,, being the maximum retarding 
potential at O°K. F(x, x,) is a universal function 
(see Eqs. (31) and (32) of Paper I) for which 
numerical values can be computed once for all. 
The theoretical current-voltage curves given by 
this equation for three different temperatures 
are plotted in Fig. 1, together with the corre- 
sponding energy distribution curves obtained by 
differentiation. 

For comparison with experimental results the 
following characteristics of these theoretical 
curves should be noted: (1) There is an appreci- 
able ‘“‘temperature tail’’ even at room tempera- 
ture, and this becomes rapidly more pronounced 
as the temperature is raised. (2) The relative 
importance of the tail is greater for lower values 
of V,,, i.e., for incident frequencies close to the 
threshold. (3) The most probable energy of the 
photoelectrons is very close to the “maximum” 
energy, being equal to it at O°K. 

In deriving Eq. (1) approximations were 
introduced which are valid only (1) when the 
incident frequency is not too far from the 
threshold frequency of the emitting surface and 
(2) for values of V either greater than, or not 
much less than, V,,. The expression then simply 
represents the way in which the current-voltage 
curves approach the voltage axis. It is evident 
that there is a sharply defined maximum re- 
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Theoretical energy distribution and _ voltage- 
current curves for three temperatures. 


tarding potential (stopping potential) only at 
0°K while for all higher temperatures the curves 
should approach the axis asymptotically. Making 
further approximations which are valid for V 
nearly equal to V,,, and taking logarithms, Eq. 
(1) may be written in the form 


log (I/xT*) =B+f(x—x.), (2) 


where f(x—.x,) is another universal function. Its 
numerical values are tabulated for reference in 
Table I. Eq. (2) is most useful for graphical 
analysis of experimental curves. 


EXPERIMENTAL METHOD 


The experimental tube, shown in Fig. 2, was 
designed to approximate as closely as possible 


TABLE I. Values of the distribution function f. 


(x.—x) f(x—Xe) 
32 4.983 —1 2.524 
24 4.624 —2 2.117 
16 4.331 —3 1.697 

8 3.960 —4 1.264 
4 3.631 —$ 0.830 
3.346 0.394 
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Fic. 2. Experimental tube. F, filament. C, Pt collecting 
film. Q, quartz-to-Pyrex seal. J, ionization gauge. G, Mg 
getter. S, compensating shield. 


the ideal concentric-sphere arrangement. Photo- 
electrons were ejected from a strip of molybde- 
num foil (402.3x.01 mm) mounted at the 
center of a Pyrex sphere, 15 cm in diameter, on 
the inside surface of which a semi-transparent 
layer of platinum (or gold) had been evaporated 
to serve as the collecting electrode. The lead to 
this electrode was brought out through a seal at 
the bottom of the sphere and connected directly 
to the grid of an FP-54 Pliotron, mounted as 
shown. The auxiliary chamber containing the 
grid lead and the high resistance (10" ohms) 
was evacuated. The amplifying circuit was of 
the type recently described by DuBridge and 
Brown.’ Readings were taken by the null method, 
the galvanometer deflection being brought to 
zero by applying a potential to compensate for 
the drop across the high resistance. The variable 
potential between the Mo filament and the 
collector was applied by a calibrated potential 
divider. 


>L. A. DuBridge and H. Brown, Rev. Sci. Inst. 4, 532 
(1933). 
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The tube and ionization gauge were attached 
to the usual type of high-vacuum system and 
given an extended outgassing treatment, after 
which the Mo filament was heated at tempera- 
tures between 1900 and 2100°K until its photo- 
electric threshold had reached its steady state.‘ 
Final readings were taken with pressures of the 
order of 10° mm Hg. 

The incident light from a quartz mercury arc 
was resolved by a van Cittert quartz double 
monochromatic illuminator which effectively 
eliminates frequencies other than that which the 
instrument is set to isolate. The temperature of 
the filament was determined from its resistance, 
the results at the higher temperatures being 
checked with an optical pyrometer. 

In order to take photoelectric measurements 
with the filament hot, it was necessary to heat 
the filament intermittently, the photocurrents 
being measured while no heating current was 
flowing through it. The circuit used is shown in 
Fig. 3. A Thyratron FG-67 was used to cut out 
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Fic. 3. Circuit for intermittent filament heating. 


half of each cycle of a 60-cycle source which was 
isolated from the main line by a 110-110 volt 
transformer, 7). The current, flowing from 
filament to plate every half cycle gives rise to an 
intermittent current through the Mo filament. 
The potential of the filament with respect to 
ground at any instant is equal to the sum of the 
voltage applied by the potential divider and the 
voltage drop across AB, the latter being zero 
for zero heating current. Hence, during the time 
the heating current is flowing, there is a large 
retarding potential which keeps electrons from 
escaping, while when no current is flowing the 
emitter is at the potential applied to A. 


*L. A. DuBridge and W. W. Roehr, Phys. Rev. 42, 52 
(1932). 
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Because of the capacitance of the experimental 
tube a charge is induced on the platinum surface 
by the filament voltage. This is compensated by 
an equal and opposite charge induced on the 
control grid lead of the FP-54 tube by means of 
the compensating shield, S. (See also Fig. 2.) 


RESULTS 


Current-voltage curves 


In order to work with as large a photocurrent 
as possible the present investigation was re- 
stricted to the wave-lengths 2482A, 2536A, and 
2654A, the three lines in the Hg arc spectrum 
which gave the largest emission. For the shorter 
wave-lengths there was a slight reverse current 
from the Pt collector for which a correction was 
made in the manner described by Lukirsky and 
Prilezaev.® 

In Fig. 4 are shown the current-voltage curves 
at room temperature for the three wave-lengths, 
the curves being brought to the same saturation 
point. The retarding potential has been corrected 
for contact potential difference between emitter 
and collector. The dotted lines indicate the type 
of curve one would expect at 0°K. Similar curves 
for the emitting surface at 1000°K are shown in 
Fig. 5. The tails are much greater at the higher 
temperature, and even for the small range of 
frequencies used here, the relative increase in 
the tail as one approaches the long wave-length 
limit is quite noticeable. 

Fig. 6, curve I, gives an indication of the 
relative unimportance of the tail at room temper- 
ature for wave-lengths far from the threshold. 
This curve was taken at a stage during the 
outgassing when the specimen was in its most 
sensitive state, the threshold being at about 
3600A. Even here the asymptotic approach to 
the voltage axis is quite apparent, as can be seen 
from curve II which is an enlargement of the 
part of curve I to the right of the arrow. The 
voltages given in the abscissa are not corrected 
for contact potential. 

The current-voltage curves shown in Fig. 7 
indicate how the size of the tail varies with the 
temperature for a given wave-length. Only the 
tails are shown here, the curves having been 


5 P. Lukirsky and S. Prilezaev, Zeits. f. Physik 49, 236 
(1928). 
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Fic. 4. Current-voltage curves for room temperature. 


Scale for Curve I 
104 +0 


+036 +0.51 
l2 
300°K 
A2536A 
$0.04 \ —— 03 
I 
3 0 \ I 
2 
+ 
2002}. 4 
\ 
-0.9 -0.4 


I 
Applied Potential 


Fic. 6. I. Current-voltage curve for frequency far from 
threshold. Il. Enlargement of tail of Curve I showing 
asymptotic approach. 


superimposed in the region of saturation current. 
The 2654 line, being fairly close to the threshold, 
shows a rather large temperature variation. 
At 1000°K the value of the maximum energy 
obtained by extrapolation would be more than 
0.3 volt beyond the theoretical absolute zero 
intercept of 1.0 volt. 


Theoretical analysis 


In order to analyze the experimental current- 
voltage curves DuBridge® developed a graphical 
method similar to that used by Fowler in 
determining photoelectric thresholds. The theo- 
retical expression for the tails of the current- 
Plotting 


voltage curves is given in Eq. (2). 
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Fic. 7. Effect of temperature on tail of current-voltage 
curves. 


f(x—x,) as a function of (*,—x) gives the 
theoretical curves shown in Figs. 8, 9 and 10. 
If experimental results are then plotted in the 
form log (J/x7*) against x, a curve of the same 
form as the theoretical one is obtained. A 
horizontal and vertical shift are required to make 
the two coincide, the horizontal shift being equal 
to x,= V,e/kT, thus determining the maximum 
energy at absolute zero. In Figs. 8 and 9 the 
data of Figs. 4 and 5 are plotted in this manner, 
the shifts being indicated on the graphs. All 
points to the right of the vertical lines in the 
current-voltage curves (Figs. 4 and 5) fit the 
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Fic. 8. Theoretical analysis of room temperature curves. 


theoretical curve quite well, while at lower 
energies there is an expected deviation because 
the theory does not take into account a variation 
of the transmission coefficient. When J’, is 
plotted against v the points fall accurately on a 
straight line whose slope is within 1 percent of 
the accepted value of h/e. 

Fig. 10 is an analysis of the results of Fig. 7. 
Since all observations were made for a single 
wave-length, the horizontal shifts should be such 
as to give the same value of V,, for all tempera- 
tures, which is true within the limits of experi- 
mental error. As before, this voltage shift V,,, 
is indicated by the intercept of the dotted line 
with the voltage axis in the original curves. 


Energy distribution 

Differentiation of the current-voltage curves 
of Figs. 4 and 5 yields the energy distribution 
curves shown in Figs. 11 and 12. In order to 
facilitate comparison the curves in each set have 
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Fic. 10. Theoretical analysis of curves shown in Fig. 7. 
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been reduced to a common level at the most 
probable value. The arrows indicate the maxi- 
mum energy at 0°K as determined by the shifts. 
It is to be noted that at room temperature the 
most probable energy is quite close to the 
maximum measurable energy while at 1000°K 
it shifts to relatively lower values. Previous 
experiments on the total energy distribution 
have shown a most probable energy of from 40 
to 50 percent of the apparent maximum. The 
values obtained here are of the order of 75 
percent. This is probably because previous 
experiments were carried out with surfaces not 
thoroughly outgassed.° 
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Fic. 11. Energy distribution of photoelectrons at room 
temperature. 


6 The results of Ives, Olpin and Johnsrud (Phys. Rev. 
32, 57 (1928)) however seem to be in fair accord with the 
theory. 
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Fic. 12. Energy distribution of photoelectrons at 1000°K. 


Fig. 13 shows the energy distribution curves 
for the 2654A line at the temperatures indicated, 
which are in good agreement with the theoretical 
prediction of Fig. 1. At higher temperatures the 
most probable energy shifts steadily to lower 
values. The dotted line is the distribution to be 
expected at O°K and the region R is presumably 
accounted for by the fact that the transmission 
coefficient becomes less than unity in this region. 

While the results presented are in excellent 
agreement with the theory, it is nevertheless 
desirable to extend the investigation, and work 
on the problem is being continued to see whether 
the method can be developed to give a more 
accurate determination of h. 
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Fic, 13, Effect of temperature on energy distribution curves. 


DISTRIBUTION 


OF PHOTOELECTRONS 871 


CONCLUSION 


It is evident in Figs. 8, 9 and 10 that the 
experimental points fit the theoretical curve well 
within the limits of experimental error. From 
this we conclude that DuBridge’s theory predicts 
quite accurately the form of the photoelectric 
energy distribution curves in the vicinity of the 
maximum energy. This result has a double 
significance. In the first place it means that we 
have further direct evidence that the electrons 
in a metal obey the Fermi statistics and that in 
escaping as photoelectrons this distribution is 
not appreciably affected by collision phenomena. 

In the second place, as DuBridge has pointed 
out, it means that it is now necessary to examine 
more critically the previous experiments which 
have sought to evaluate Planck's constant by 
the photoelectric method. It is obvious that 
the ordinary extrapolation methods of deter- 
mining V,, do not in general yield the value of 
lV, at O°K, which according to the theory is the 
only one for which Einstein’s equation would be 
expected to hold accurately. A study of the 
theoretical curves however reveals the surprising 
and fortunate fact that if a definite extrapolation 
method is adopted and followed consistently, it 
will yield apparent values of V,, which are all 
greater than the absolute zero values by almost 
exactly the same amount, provided only that 
the individual values of V,, are greater than 
about 1 volt. This would still yield the correct 
value of h. In other words, there is reason to 
believe that in the more accurate determinations 
of h by the photoelectric method (since they 
have satisfied the above conditions) the errors 
due to the temperature effect are not greater 
than the ordinary errors of extrapolation.’ 

In conclusion, the author takes this oppor- 
tunity to express his gratitude to Professor L. A. 
DuBridge who proposed this problem, and whose 
suggestions were an invaluable aid throughout 
the investigation. 


’ This statement apparently applies also to the work of 
Lukirsky and Prilezaev, contrary to the tentative opinion 
expressed as to their work in Paper I, p. 741. 
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The Reflection of Electrons from Liquid Mercury 
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The number of electrons reflected elastically from a 
mercury surface has been observed as a function of the 
electron velocity and of the angles of incidence and 
reflection of the electrons. When the initial beam struck the 
surface normally the reflected current was symmetrical on 
both sides. Measurements were made with velocities from 
20 to 70 volts and with angles of incidence from 10° to 90°. 
The total number of elastically reflected electrons decreased 


rapidly with increasing velocity. The intensity of the 
reflected electrons was not proportional to the cosine of the 
angle of reflection, but showed a preference toward 
reflection backward to the direction of the initial beam, 
Measurements made with the incident beam at other 
angles than normal to the surface showed the same 
preference toward reflection in the direction backward to 
the direction of the initial beam. 


HE scattering of electrons by single atoms 
and by crystal surfaces has been studied 
extensively during the past few years. The 
scattering from the same atoms in the gaseous 
and in the solid states should be related because 
the intensity of any order of the diffraction 
pattern from a crystal is proportional to the 
probability of scattering at that angle from a 
single atom modified by the interference condi- 
tions of the crystal lattice. The scattering of 
electrons by a liquid, where the spacing of the 
atoms is less regular than in a crystal, should 
show less pronounced interference patterns and 
a closer relation to the scattering from a single 
atom. Previous observations on the scattering of 
electrons by liquids have been concerned with 
the diffraction of high speed electrons in very 
small angles from their initial direction of motion. 
The scattering of electrons by single atoms of 
mercury has been studied by Arnot,' Tate and 
Palmer,? and Jordan and Brode.* The scattering 
from a liquid surface of mercury should show a 
relation to these observations on single atoms. 
As only a few atomic layers are penetrated by 
the electron before a collision, it is very impor- 
tant that the surface atoms be mercury atoms 
and not condensed impurities. To avoid this 
possibility a liquid air trap was placed a few 
* Whiting Fellow, University of California. 
'F, L. Arnot, Proc. Roy. Soc. A130, 655 (1931); A140, 
334 (1933). 
2 J. T. Tate and R. R. Palmer, Phys. Rev. 40, 731 (1932). 


*E. B. Jordan and R. B. Brode, Phys. Rev. 43, 112 
(1933). 


centimeters from the mercury surface so that 
condensable vapors would be deposited on it. 
The effectiveness of the liquid air trap in keeping 
the surface clean, was probably increased by the 
evaporation of mercury from the surface and its 
condensation on the trap. About once a minute 
the mercury surface was replaced with freshly 
distilled mercury by overflowing the mercury 
target. 


APPARATUS 


The metal parts of the apparatus were made 
of tantalum, spotwelded together. The electron 
gun consisted of a cylinder, 5 mm in diameter 
with a 4 mil tungsten filament along its axis, a 
slit 0.2 mm in width and 4 mm in length let 
through a fine beam of electrons. At voltages 
above the ionization potential of mercury the 
beam, because of space charge, remained quite 
narrow at a considerable distance from the slit. 
The collector consisted of a Faraday cylinder 
5 mm in diameter surrounded by two cylinders 
of diameters 7 and 9 mm. These outer cylinders 
had parallel plates attached to the sides of the 
1 mm slits in them so as to form a small con- 
denser. A potential difference of 6 volts was 
maintained between the two plates of this 
condenser to prevent positive ions from reaching 
the collector. A potential difference sufficient to 
prevent inelastically scattered electrons from 
reaching the collector was maintained between 
the collector and the middle cylinder. The 
arrangement of the apparatus is shown in Figs. 
1 and 2. 
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Fic. 1. Scattering apparatus with electrical circuit. 


The outer cylinder of the collector, the 
mercury surface and the electron gun cylinder 
were always at the same potential as the cy- 
lindrical metal box that entirely enclosed the 
scattering region. The surfaces of these metal 
parts were covered with a thin layer of soot to 
reduce the reflection of electrons from them. 

The positions of the collector and the gun 
were changed relative to each other and to the 
mercury surface by the rotation of ground glass 
joints to which they were attached. Considerable 
care was taken to make the axis of rotation of 
the collector the point of intersection of the 
electron beam and the mercury surface. When 
the electron beam made an angle of 90° with the 
surface, the scattered current intensities on the 
two sides of the beam were symmetrical if the 
above adjustment was made properly. 

The galvanometer G,; was used to measure the 
intensity of the scattered current and the 
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Fic. 3. Scattered current per unit beam current when the 
electron beam makes an angle of 90° with the surface. 
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Fic. 2. Side view of scattering apparatus. 


galvanometer G, to measure the intensity of the 
electron beam leaving the gun. The ratio of 
these two galvanometer readings gives the 
scattered current per unit beam current striking 
the mercury surface. 


RESULTS 

The results of the measurements are shown in 
Figs. 3, 4, 5 and 6. Fig. 3 shows the relative 
values of the elastically scattered current per 
unit beam current when the incident electron 
beam makes an angle of 90° with the mercury 
surface. The magnitude of the scattered current 
per unit solid angle, per unit incident current in 
any direction is represented by the length of the 
radius vector from the point of intersection of 
the electron beam with the mercury surface and 
the plotted curve. The wide horizontal line 
represents the mercury surface. The incident 


\ x2 
20 VOLTS 


Fic. 4. Scattered current per unit beam current when 
the incident electron beam makes angles of 90°, 60°, 30°, 
12° with the surface. (20 volt electrons.) 
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30 VOLTS 


Fic. 5. Scattered current per unit beam current when 
the incident electron beam makes angles of 90°, 60°, 45°, 
30°, 20°, 15° and 10° with the surface. (30 volt electrons.) 


Fic. 6. Scattered current per unit beam current when 
the incident electron beam makes angles of 90°, 60°, 30°, 
and 12° with the surface. (50 volt electrons.) 


50 VOLTS 


electron beam is indicated by the line with an 
arrow on it. Observations on the scattered 
currents could not be made at an angle less than 
10° with the incident electron beam because the 
gun cylinder prevented the scattered electrons 
from reaching the collector. 

The observed reflected intensity per unit solid 
angle was not proportional to the cosine of the 
angle but showed a preference toward backward 
reflection in the direction of the initial beam. 
The total number of elastically reflected electrons 
decreased rapidly with increasing velocity. The 
shape of the curves, however, did not change 
noticeably with the speed of the electrons. 

The solid angle subtended by the aperture 
effective in collecting scattered electrons is a 
function of the electric fields applied between 
the slits. For this reason the indicated magni- 
tudes of the different curves in Fig. 3 may be 
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somewhat incorrect. However, the relative values 
of the scattered intensity at different angles for 
any one voltage are not influenced by this error. 

Figs. 4, 5 and 6 show the angular distribution 
of the scattered electron intensity when the 
incident electron beam makes an angle of less 
than 90° with the surface. As in Fig. 3 these 
curves are plotted so that the radius vector from 
the point of intersection of the electron beam 
with the surface to the curve is proportional to 
the scattered intensity per unit solid angle, per 
unit incident beam current. As the angle between 
the incident beam and the surface becomes 
smaller, the greater part of the scattered elec- 
trons are still in the direction backward to the 
initial electron beam. Some of the electrons are 
scattered at an angle that is nearly specular. 
The intensity of this approximately specular 
scattering increases as the angle between the 
incident beam and the surface gets smaller. At 
the smallest angles the intensity scattered normal 
to the surface is very small compared with the 
scattering near the beam and at the specular 
angle. 


INTERPRETATION 


A quantitative interpretation of these results 
can be made by comparing these curves with the 
curves for the scattering of electrons by single 
mercury atoms. For the region of velocity 
between 20 and 70 volts the probability of 
scattering is relatively large in a direction back- 
ward to the initial beam and quite small at right 
angles to the initial beam. The greatest proba- 
bility of scattering is in a direction a few degrees 
from the direction of the initial beam. However, 
several such scatterings would only result in a 
spreading of the general direction of the beam. 
The intensity of the backward scattering de- 
creases with increasing velocity in the same 
magnitude as the curves of Fig. 3 indicate for 
the backward scattering from liquid mercury. 

The inner potential of a mercury surface 
which holds in the conduction electrons has not 
been determined but it is probably of the order 
of 10 volts. Such a potential gives rise to an 
effective index of refraction for the electron 
waves which limits the angle of scattering within 
the mercury for an electron that emerges from 
the surface. Electrons scattered in less than this 
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minimum angle will be totally reflected at the 
surface and remain within the mercury. With a 
10 volt inner potential an electron of 20 volts 
velocity just entering the mercury at grazing 
incidence would have to be scattered through an 
angle of 70° to emerge from the mercury. With 
x-rays, the diffraction pattern of liquid mercury 
has been observed by Debye and Menke.‘ Their 
measurements show that the mercury atoms are 
not arranged completely at random distances 
apart. The failure to observe electron diffraction 
phenomena caused by this distribution of the 
mercury atoms is probably due to the fact that 
with an inner potential of 10 volts the most 
intense peaks of the diffraction pattern are con- 
tained within the minimum angle of scattering.® 

4P. Debye and H. Menke, Phys. Zeits. 31, 797 (1930); 


33, 593 (1932). 
5A. G. Enslie, Nature 123, 977 (1929). 
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This tendency for the electrons to be scattered 
backward to the direction of the incident beam 
has been pointed out by Tate® in a brief note 
describing the scattering of electrons by a plati- 
num foil. In the measurements of the electron 
scattering from crystals by Davisson and Kuns- 
man,’ Davisson and Germer,*® Farnsworth,’ and 
others this phenomena is also apparent. Although 
the plane of the bombarded surface makes an 
angle with the electron beam, the greatest 
intensity of the general elastic scattering is in 
the direction backward to the initial electron 
beam. 


‘J. T. Tate, Phys. Rev. 17, 394 (1921). 

7C. J. Davisson and Kunsman, Phys. Rev. 22, 242 
(1921). 

§C. J. Davisson and L. H. Germer, Phys. Rev. 30, 705 
(1927). 

®H. E. Farnsworth, Phys. Rev. 33, 1068 (1929); 34, 679 
(1929). 
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Electron Scattering in Methane, Acetylene and Ethylene 
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(Received September 25, 1933) 


The scattering coefficients for elastic collisions between 
electrons and molecules of methane, acetylene and ethylene 
have been measured over the following ranges: for CH,, 10 
to 625 volts, 10 to 150 deg., and for 800 volts, 10 to 50 
deg.: for C;H», 10 to 100 volts, 10 to 150 deg.; for C2H,, 
10 to 225 volts, 10 to 150 deg. Total absorption coefficients 
due to elastic scattering were computed by integration. 
For 100 volts and above, the scattering coefficients of 
electrons by the molecules with “wo C atoms were far 
smaller than the coefficient for CH, with one C atom, but 
for 10 volt electrons the scattering was much less in CH, 
than in the other two gases. 

Evidence for interference effects between the electron 
waves scattered by individual atoms was indicated by the 
presence of maxima in the curves for the ratios of the 
scattering coefficients for C2H, and CH, (also for the pair 
C:;H, and CH,) expressed as functions of scattering angles. 


The ratios were also computed by the well-known formula 
for the intensity of the resultant waves emitted by a 
molecule, viz., 


nn 
= Lit sin xij 
1 


where y; and y are the electron wave amplitudes due to the 
atoms 7 and j, and x,; is a parameter involving the distance 
apart of these atoms. Fairly satisfactory agreement 
between experiment and calculations was obtained for the 
ratio for C,H, and CH,, provided that we assume that the 
scattering is done by the H atoms alone. Presumably the slow 
electrons do not penetrate enough to come under the 
influence of the C atom. To get satisfactory agreement in 
the case of C,H», however, it was necessary to assume that 
the C atoms exerted their full effect. 


T has been found by Mark and Wierl' that 
the scattering of fast electrons (30,000 to 
50,000 volts) by gaseous molecules results in an 
angular distribution which has well marked 
diffraction characteristics. The diffraction pat- 
terns obtained can be accounted for very satis- 
factorily on the view that the resultant electron 
wave in any direction is obtained by adding 
together, paying due regard to phase differences, 
the waves scattered by the individual atoms 
within the molecule. The square of the amplitude 
of the electron wave scattered in a direction 6 
with the original direction is given by the formula 


n n 
= Sin Xj), (1) 


where y¥; and y; are the amplitudes due to the 
individual atoms regarded as independent of 
each other, and x;; is a parameter defined by 


Xi; =4nl;; sin (0/2) /r, (2) 


* This work was made possible by assistance to the first 
named author from a grant made by the Rockefeller 
Foundation to Washington University, for research in 
science. 

1R. Wierl, Ann, d. Physik 8, 521 (1931); 13, 453 (1932). 


where /;; is the distance between the i-th and 
j-th atoms, @ the angle of diffraction, and \ the 
electron wave-length. It will be noticed that 
Eq. (1) implies that the scattering of the indi- 
vidual atoms within a molecule is unaffected by 
the proximity of other atoms. 

The purpose of this investigation was partly 
to find out whether or not interference between 
the waves scattered by the individual atoms, 
with characteristics of the kind implied in Eq. 
(1), can still be detected when the electrons have 
much lower energies. It may well be the case 
that when the electron energies are sufficiently 
low we can no longer make the simplifying 
assumptions that the effect of the molecule as a 
whole is that obtained by superposing the effects 
of its component atoms in the way described by 
Eq. (1). 

Again, certain empirical relations between the 
total absorption coefficients of some hydro- 
carbons and other gases have been noticed. This 
suggests a comparison of scattering coefficients 
since absorption of electrons is mainly, if not 
wholly, produced by scattering. 

The angular distribution of electrons scattered 
elastically by methane has been studied by 
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Bullard and Massey? (over the range 4 to 30 
volts, 20 to 120 deg.), by Arnot*® (30 to 400 volts, 
10 to 120 deg., and 10 to 50 deg. at 800 volts), 
and by Mohr and Nicoll‘ (30 to 84 volts, 20 to 
150 deg.). Bullard and Massey observe that 
below 20 volts, the curves for methane resemble 
those for argon, and point out that it is in this 
region that the curves for the total absorption 
coefficient against electron energy are also simi- 
lar. In the range 25 to 800 volts, however, 
Arnot finds that the methane curves are similar 
to the hydrogen curves, and from this he infers 
that electrons of these speeds are scattered only 
by the hydrogen atoms in the methane molecule. 
No results have been recorded for the scattering 
of electrons of similar speed by acetylene and 
ethylene. Mark and Wier! have investigated the 
small angle scattering for all these gases but 
with electrons of an entirely different order of 
energy (~40,000 volts). They find the carbon 
atoms to be separated by 1.30A in C,H,, and by 
1.22A in CoH,. 


METHODS AND RESULTS 


The apparatus used in this work was the same 
as that used in our recent work on electron 
scattering by neon.® As the method of taking 
observations was substantially the same as that 
described in the neon investigation, it will not 
be repeated here. Methane, acetylene, and ethy- 
lene were carefully prepared by standard chemi- 
cal methods. It is believed that the impurities 
were considerably less than one percent. 

The scattering coefficients (as defined in a 
previous paper®) are given in Tables I and II, 
and are shown graphically in Fig. 1. The number 
of scattered electrons becomes rapidly smaller 
with increasing angle (if the energy is high 
enough) and with increasing electron energy. 
This is why we could get no results for CoHe 
above 100 volts, and for C.H,y above 225 volts 


*E. C. Bullard and H. S. W. Massey, Proc. Roy. Soc. 
A133, 637 (1931). 

*F. L. Arnot, Proc. Roy. Soc. A133, 615 (1931). 

*C. B. O. Mohr and F. H. Nicoll, Proc. Roy. Soc. A138, 
469 (1932). 

* A. L. Hughes and J. H. McMillen, Phys. Rev. 43, 876 
(1933). 

*A. L. Hughes, J. H. McMillen and G. M. Webb, 
Phys. Rey. 41, 156 (1933). 
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and above 60 deg. for 800 volt electrons in CH,. 
The values recorded in Tables I and II are 
comparable with each other but probably not 
comparable with our previously published results 
obtained with the same apparatus, as a slight 
adjustment was made in the apparatus before 
beginning the present series. 

The quantity (in arbitrary units) designated 
by Q at the bottom of each column is that part 
of the total absorption coefficient due to elastic 
scattering. It is obtained by multiplying each 
reading by the sine of the corresponding angle, 
and then integrating from 0 to 180 deg. (Actually 
of course we cannot go down to 0 deg., but it 
was possible to make a reasonable extrapolation.) 

The principal characteristics of the curves may 
be summarized as follows: (a) For electron 
energies of 100 volts and less, the scattering 
curves for all three gases show pronounced 
minima in the vicinity of 90 deg. (b) A kind of 
maximum is indicated by a hump on the curve 
at 50 deg. for 10 and 25 volt electrons in CH,. 
(c) A maximum is to be found near 150 deg. for 
10 volt electrons in C,H». and for 25, 50 and 


0 40 680 120 160° 40 80 120° 0 40 60 120 160° 


Fic. 1. Scattering of electrons by molecules of methane, 
acetylene and ethylene. 
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TABLE I, Elastic-scattering coefficients for CH, (arbitrary units) 0= angle, V=energy of electrons in volts. 


V= 
0 10 15 25 35 50 100 225 300 400 625 800 
10° — a — 654.0 441.5 320.6 74.30 43.75 31.40 14.12 11.40 
12.5" 74.15 197.2 436.5 551.0 334.5 237.3 62.95 34.77 24.40 9,22 8.02 
15.0° 71.80 184.1 351.0 449.2 255.0 161.8 49.00 25.60 18.42 7.94 5.07 
20° 61.10 144.9 258.0 303.0 142.6 82.8 22.75 13.37 9.89 5.61 2.43 
25° 53.52 97.6 193.9 187.3 93.8 37.6 11.72 7.74 6.76 3.40 1.27 
30° 43.50 90.8 131.6 105.8 87.8 23.8 9.65 4.92 3.66 2.10 0.686 
40° 30.60 59.5 70.6 34.2 25.59 14.67 4.97 2.23 1.79 0.759 248 
50° 22.45 39.1 38.8 31.95 16.41 8.98 2.64 1.40 1.04 390 079 
60° 17.78 27.6 28.42 22.87 10.98 3.65 1.686 0.877 0.540 .242 
70° 15.67 24.09 23.48 16.33 6.92 2.26 1.108 .597 395 176 
80° 13.26 20.37 17.96 11.92 4.61 1.77 0.885 404 261 135 
90° 11.05 17.09 12.92 8.84 3.26 1.72 .733 304 .182 117 
100° 9.15 14.17 10.46 7.52 2.98 1.69 628 .234 .146 .099 
110° 7.95 13.87 10.29 8.07 3.26 1.91 555 .180 122 O87 
120° 8.55 13.99 11.34 9.43 4.26 7.09 .510 .165 .109 .070 
130° 10.49 16.35 13.04 11.43 5.59 2.16 488 Ry .102 .060 
140° 12.91 19.08 14.92 13.27 6.10 2.20 A75 141 098 .049 
150° 14.50 20.30 14.97 14.68 6.25 2.13 A54 121 O88 .040 
Q 10.33 183.8 225.9 224.9 118.6 61.5 19.37 9.98 7.19 3.41 1.19 
TABLE II. Flastic-scattering coefficients for C22 (left) and CT, (right). (Arbitrary units.) 
V= 
6 10 25 50 100 10 25 50 100 225 
10° — 186.3 17.28 152.0 21.50 9.13 
12.5° 194.6 518.0 187.5 17.00 109.7 341.5 136.9 19.97 7.81 
15° 176.5 456.0 161.2 16.61 93.6 298.5 115.6 16.87 6.415 
20° 150.7 299.2 110.0 14.17 76.8 220.3 65.5 9.39 2.812 
25° 132.3 150.0 67.73 6.64 59.0 152.4 39.7 5.02 1.237 
30° 105.7 134.0 43.00 6.12 48.4 102.7 25.0 2.60 0.647 
40° 71.2 64.55 17.13 2.66 34.85 55.7 10.16 0.934 .277 
50° 52.55 35.37 8.86 1.52 25.28 30.7 5.39 553 163 
60° 41.95 23.20 5.00 1.04 19.70 22.12 2.33 342 102 
70° 33.40 16.50 3.30 0.80 14.77 14.25 2.21 254 072 
80° 29.08 12.52 2.83 .638 12.02 11.54 1.68 .206 059 
90° 28.03 11.46 2.52 539 11.38 10.49 1.44 188 049 
100° 28.32 10.98 257 508 12.47 11.62 1.55 .188 .046 
110° 28.62 12.00 3.02 524 14.31 14.02 2.00 .209 044 
120° 28.82 12.64 3.70 584 14.90 16.51 2.83 .248 044 
130° 28.39 14.24 4.45 .649 15.62 21.19 3.78 .299 043 
140° 27.29 17.46 5.49 .707 16.19 24.10 4.74 .336 039 
150° 24.96 21.02 5.84 .720 16.82 26.58 5.33 .376 .034 
Q 251.5 250.5 72.0 10.04 134.6 214.8 47.9 5.87 1.95 


100 volt electrons in CH,. (d) For electrons of 
energy 225 volts and over, the curves fall off 
monotonically in CH,. 

Only a few comparisons with the results of 
others are possible since the electron energies 
employed in our work were in general not the 
same as those used by others. However, except 
at small angles, there is fair agreement between 
our 10 volt curve for CH, and that of Bullard 
and Massey, and between our 25 volt curve and 
that of Arnot. There is also good agreement 


between our 400 volt curve and Arnot’s 410 volt 
curve in CH,. Mohr and Nicoll find relatively 
greater scattering, in the large angle region, for 
50 volt electrons in CH, than do we. 


DISCUSSION 
If we knew the amplitude, y, of the electron 
wave scattered by isolated carbon and hydrogen 
atoms, for the different electron energies used in 
this investigation, then we could find out whether 
or not Eq. (1) is adequate to describe the 
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behavior of these atoms when combined together 
in the molecules under examination. However, 
we cannot avail ourselves here of experimental 
results, for the scattering coefficients for hydro- 
gen are obtained with molecular hydrogen, and 
it is of course impossible to obtain a gas composed 
of carbon atoms. From the theoretical stand- 
point, the first approximation to the scattering 
by a single atom is given by the square of y in 
the formula 


= (e?/2mv?)Z cosec® (6/2), (3) 


which of course describes Rutherford scattering. 
The next approximation, due to Born and Mott, 
involving the atom form factor, F, is 


= (e?/2mv*)(Z — F) cosec? (6/2). (4) 


The latter is found to agree with experimental 
results in helium when the electron energy is 
over about 400 volts, and is expected to agree 
with the experimental results for any element 
for electron energies exceeding 50-Z° volts 
(Morse). With lower energies, this approximation 
is insufficient, and various attempts, not wholly 
satisfactory, have been made to take cognizance 
of the factors whose effects may be considerable 
at low energies. Hence we cannot depend entirely 
on computed values. 

It is thus evident that, in the absence of clear 
cut information as to the form of the atomic 
scattering coefficients, we must resort to less 
direct methods of testing Eq. (1). The under- 
lying idea in the following approach is to look for 
a variation of the kind implied in Eq. (1) in the 
curve expressing the ratio of the experimental 
scattering curves for two molecules, say C2H, 
and CH, (Fig. 2). It is conceivable that, though 
the scattering curves of the individual atoms 
may deviate considerably from the shape corre- 
sponding to Eq. (3) or (4), yet the ratio curves 
may retain the interference features implied in 
Eq. (1). For methane, we may assume a tetra- 
hedral model (C at the center, 4 H’s at the 
corners) or a pyramidal model (H’s at the 
corners of a square, C on a line perpendicularly 
through the center). Following Mark and Wierl, 
we shall take the C—H distance to be 1.10A. 
For the tetrahedral model, Eq. (1) now becomes, 


C,H C,H 
CHe 100v tae 225v 
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Fic. 2. Curves showing the scattering coefficient ratios 
for pairs of molecules. Continuous lines: experimental 
ratios. Broken lines: theoretical ratios. 


on replacing ¥ by Z (which assumes Rutherford 
scattering as a first approximation) and neglect- 
ing the terms (e?/2mv*) cosec? (6/2) which cancel 
out on taking ratios, 


sin 
Won, — 
YH-H 
sin Xc-u 
+8ZyZo —+Zo, (5) 


where xy_y is a parameter (see Eq. (2)) involving 
the distance between two H atoms, and xc_» a 
parameter involving the distance between the 
C atom and H atom. On putting in values for Z, 
this becomes 


Won, = Ju 
+[8-1-6-7(1.10) Jo, n+[6-6]e, (6) 

where 7(/;;) is an abbreviation for sin x/x and 

where x involves the interatomic distance /;; 


(see Eq. (2)). In methane, /¢e_y is 1.10A, and 
is 1.79A. For we take the model 
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1.30 


H CeH, 


Fic. 3. Model assumed for the ethylene molecule. 


shown in Fig. 3, and the corresponding formula is 


Woon, + 7'(1.90) + 7(2.50) +7°(3.15) 
+4801+7(1.10)+7(2.16) Jo, 


+72[7(1.30)+1]e. (7) 
It is convenient to divide the right-hand side of 
Eqs. (6) and (7) into parts enclosed by square 
brackets, with suffixes indicating the contributing 
atoms. The next step is to compute the values of 
Vo,n,/Veu, as a function of the angle @ for the 
electron wave-length corresponding to the ener- 
gies used in this investigation. As the arith- 
metical computation is very tedious and in view 
of the various approximations made throughout, 
we tried first the effect of neglecting the terms 
depending only on the hydrogen atoms. This is 
equivalent to assuming that the scattering effect 
of the H atoms is to a first approximation 
negligible in comparison with that of the C atom. 
The computed ratio curves, however, showed no 
resemblance whatever to the experimental ratio 
curves. It is therefore necessary to try some 
other assumption. Let us assume that the 
scattering of relatively slow electrons is due 
chiefly to the outer parts of the molecule. This 
would make the hydrogen atoms chiefly re- 
sponsible and the carbon atoms more or less 
ineffective, since one pictures these hydrocarbons 
with the carbon atoms inside.’ We then com- 
puted the ratios using only those terms in (6) 


? This notion is in line with a suggestion put forward by 
Werner (Nature 131, 726 (May 20, 1933)) who brought 
forward evidence to show that slow electrons were ap- 
parently influenced only by the outer shells of electrons in 
neon and argon. 
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and (7) which involve no contribution from the 
carbon atoms, i.e., by using the terms with a 
suffix H after square brackets. A resemblance 
between the computed and experimental curves 
now appears, the oscillations being considerably 
greater in the computed curves. The amplitude 
of the oscillations in the theoretical curve could 
be diminished, without shifting the position of 
the maxima, by adding a constant term to the 
numerator, a procedure which may be regarded 
as a rather arbitrary way of attributing some 
effect to the carbon atoms in C:H,, but ignoring 
the sinx/x terms associated with them. The 
curves so computed show maxima which, as a 
rule, agree fairly satisfactorily in position with 
those found experimentally (Fig. 2).* The cor- 
relation, however, was poor for 25 volt electrons. 

The same procedure was carried through again, 
except that we used the pyramidal model for 
the methane molecule. It failed to give a ratio 
curve which resembled in the least the experi- 
mental one. 

We can conclude from the foregoing discussion 
that the scattering curves for CH, and C,H, 
contain features due to interference between the 
constituent atoms of the type contemplated in 
Eq. (1) with the proviso that the effects are 
determined wholly, or almost wholly, by the 
H atoms. 

In Fig. 4 we plot the positions of the three 
principal maxima as calculated for various elec- 
tron energies for Co.H,/CHy, and indicate where 
the experimental points come. While the agree- 
ment is not quantitative, there is certainly a 
parallelism between the curves and the trend of 
the experimental points. 


* It is interesting to record that on dividing out our old 
scattering curves for molecular hydrogen (Phys. Rev. 
41, 39 (1932)) by the corresponding ones for methane, we 
get ratio curves which may be regarded as encouraging 
insofar as they run roughly parallel to those obtained by 
dividing the expression [1 + 71.48) ], which takes care of 
the interference effects between the two atoms in the 
hydrogen molecule, by that part of Eq. (6) which takes 
care of the effects due to the H's alone. We shall, however, 
not go into this any further as we do not consider the 
accuracy of our scattering measurements in hydrogen as 
great as that for our more recent determinations, and as the 
replacing of the hydrogen molecule by two interfering 
atoms may be open to criticism. 
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Fic. 4. Positions of the maxima in the ratio curves for 
CoH, CHy,. Continuous line, theoretical. Crosses, first ex- 
perimental maximum. Circles, second experimental maxi- 
mum. Squares, third experimental maximum. 


We now turn to an examination of the results 
for the ratio curves involving acetylene and 
methane. The model which we used for C.Hs is 
represented by a linear arrangement which may 
be symbolized by H—C=C—H, in which the 
distance H—C is taken to be 1.10A while the 
distance C=C is taken to be 1.22A (following 
Mark and Wierl). The formula for acetylene 
corresponding to (6) and (7) is, 


= 2[1+4+7(2.40) Ju 
+ 24[ 1.10) + 7(2.32) Je, H 
+72[7(1.22)+1]c. (8) 


It hardly seemed justifiable to assume that the 
two H atoms in CH» could shield the C atoms 
sufficiently, so we retained all of Eq. (8) in 
computing the ratio CsHs/CHy. (We of course 
retained our former assumption that the effect 
of methane was due to its H atoms alone.) 
The experimental ratio curves and the theoretical 
ratio curves are shown side by side in Fig. 2. 
It will be seen that there is qualitative agreement 
again. 

We must infer from these results that, in the 
case of methane and ethylene, the hydrogen 
atoms, forming the exterior of the molecule, take 
the principal part in scattering these slow and 
medium speed electrons, and may be regarded 


as shielding the carbon atoms from affecting 
the electrons, while in the case of acetylene, the 
carbon atoms take an effective part because 
there are not enough hydrogen atoms to shield 
them. It would be interesting, in the light of 
these surmises, to extend the investigation to 
CsH¢, in which case one would expect still less 
effect from the carbon atoms. 

We now turn to a consideration of the 625 
volt curve in methane. The foregoing evidence 
tends to show that for energies below 225 volts, 
the four H atoms determine the behavior of the 
molecule and shield the C more or less com- 
pletely. We therefore tried to see if this was also 
the case at 625 volts. It was found that the part 
of Eq. (5) due to the H's alone, even when the 
Born-Mott (Z — F) value was used to replace Z, 
did not give anything like the experimental 
curve. It is very likely therefore that the C atom 
begins to play its full part at this higher velocity, 
or alternatively, the electron can penetrate 
sufficiently deeply to come under its influence. 

We then took the experimental scattering 
coefficient, a(exp:), multiplied it by yw‘, and 
plotted it against where w=sin It is 
instructive to compare it with what we get when 
we plot ywta(theor:) against wu, where a(theor:) is 
the right-hand side of Eq. (5), with Ze and Zy 
replaced by (Z—F)¢ and (Z— F), respectively. 
James and Brindley’s F values were used. The 
experimental curves resemble the theoretical 
curves, in that both have well marked humps, 
from which it may be inferred that, with 625 
volt electrons, the atoms in the CH, molecule 
produce interference effects. The absence of 
anything resembling quantitative agreement is 
no doubt to be attributed to the fact that one 
would have to work with greater electron 
energies (>50-Z? volts, i.e., 3600 volts for C, to 
ensure that the Born-Mott formula for C is 
fully applicable according to Morse’s criterion). 
Whereas our experimental curve (Fig. 5) for the 
polyatomic CH, shows oscillations which may 
well be interference effects within the molecule, 
the corresponding curve for He (Fig. 4 in a 
former paper®) shows none. 

It is interesting to call attention to the much 
smaller elastic scattering coefficients of acetylene 
and ethylene compared with the elastic coefficient 
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Fic. 5. Continuous line, plot of ‘Xa (exp:) against u; 
broken line, plot of u* Xa (theor:) against u. 


of methane. For monatomic molecules (e.g., the 
inert gases) theory leads us to expect that the 
elastic scattering coefficients should be approxi- 
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mately proportional to the square of the atomic 
number. With this in mind, one would expect 
that the elastic scattering coefficients of C.H, 
and C,H: would be at least as great as the 
corresponding ones for CH,, more particularly 
at the higher speeds, where Rutherford scattering 
is more closely approached. Yet, for electron 
energies of the order of 150 volts and over 
(Table I and II) the elastic scattering of the gas 
molecules with two C’s is almost of a lower 
order of magnitude than that of methane. If the 
total absorption coefficients are of the same 
order of magnitude, it would then be implied 
that the diminution in elastic scattering for the 
molecules with two C’s, is made up for by a 
corresponding increase in inelastic scattering. 
But it will be noticed that for very low energies 
(10 volts) the sequence of magnitudes is C:He, 
C.H,, with CH, now showing the least scattering. 
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Electron Attachment and Negative Ion Formation in Oxygen and Oxygen Mixtures 


Norris E. Brappury,* Massachusetts Institute of Technology 
(Received September 15, 1933) 


Adirect method is employed to determine the probability 
of electron capture in oxygen and oxygen mixtures. The 
principle of the method lies in the analysis of a mixed 
current stream at two points along its path by means of 
wire grids which permit only the ionic fraction of the 
current to pass when a high frequency field is applied 
between adjacent grid wires. A means of measuring the 
mobility of the electrons is also possible. The probability of 
attachment has been determined for oxygen, air, and 
mixtures of oxygen with the rare gases. The probability of 


attachment is a marked function of the electronic energy, 
decreasing with increase in electronic energy. In oxygen 
and in all mixtures of oxygen, however, there is an increase 
in the probability of attachment occurring at approxi- 
mately 1.6 volts electronic energy. This can be definitely 
explained as being due to the appearance of low energy 
electrons following inelastic impacts with O: molecules. 
The energy at which these inelastic impacts begin is well 
correlated with the first excited level of the O, molecules 
which is 1.62 volts above the ground state. 


T is well known that certain molecules and 
atoms have the property of forming stable 
negative ions by the capture of an additional 
electron. Thus it is impossible to have a purely 
electronic current through such a gas, and the 
entirely different properties of negative ions and 
electrons as current carriers make the attachment 
process of great importance in determining the 
conduction characteristics of the gas. 

The work of Loeb,' Wahlin,? Bailey® and 
Cravath! has shown that the attachment process 
is a random one and only a fraction of the com- 
puted number of kinetic theory collisions made 
by an electron result in capture. This fraction is 
of the order of magnitude of 10°-* to 10°* and isa 
characteristic of the gas, varying in addition with 
the electronic energy. The early assumption of 
Wellish® that an electron must have a certain 
minimum energy before attachment can occur 
has been shown to be untenable by the work of 
the above investigators, and his recent reassertion 
of it® is quite incompatible with other experi- 
mental evidence. J. J. Thomson’ first deduced an 
expression for the rate of disappearance of free 


* National Research Fellow. 

11. B. Loeb, Phys. Rev. 17, 89 (1921). 

2H. B. Wahlin, Phys. Rev. 19, 173 (1922). 

*V. A. Bailey, Phil. Mag. 50, 825 (1925). 

“A.M. Cravath, Phys. Rev. 33, 605 (1929). 

*E. M. Wellish, Phil. Mag. 34, 55 (1917). 

®*E. M. Wellish, Proc. Roy. Soc. A134, 427 (1931). 
7J. J. Thomson, Phil. Mag. 30, 321 (1915). 


electrons moving through a gas if a constant 
number of impacts, , were, on the average, re- 
quired before capture took place. The predicted 
exponential decrease in number of electrons with 
distance traversed has been shown to be in agree- 
ment with experiment. Furthermore, negative 
ions, once formed, are permanent and lose their 
excess electron only under the most extreme 
conditions. 

Experimental determinations of the quantity 
n or its reciprocal h, the probability of electron 
capture at a collision,* have been attended by 
considerable difficulty and measurements by 
different observers apparently have not agreed.® 
It is the purpose of this paper to present the 
initial results of a series of measurements of the 
probability of electron capture as a function of 
electronic energy in different gases and gas mix- 
tures. A direct method is employed which permits 
all the necessary quantities for calculation to be 
simultaneously determined. 


THEORY OF THE EXPERIMENT 


If the capture of electrons by molecules is a 
random phenomenon, and the cross section for 
such a capture be denoted by o,, then the loss of 
free electronic current, d/, in going a distance dx 


‘1. B. Loeb, Kinetic Theory of Gases, McGraw-Hill, 
1927, p. S11. 
°\V. A. Bailey, Phil. Mag. 6, 1073 (1928), 
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under the influence of an external field is given by 
dI = —INo.(c/W) dx, (1) 


in which J is the current at x, and c, W the ratio 
of the random velocity of the electron to its 
drift velocity in the direction of the field (i.e., 
this ratio is the total distance actually traversed 
by the electron in drifting one centimeter in the 
direction of the field). This expression may be 
put into another form which is more common in 
the literature in which the probability of capture, 
h, at a single Ramsauer collision is employed. In 
such a form Eq. (1) becomes at once, since 
a./OR =h and A= 1/Nor 


dI = —(Ihe/rXkX) dx. (2) 


In this expression \ is the mean free path of the 
electrons in the gas; k, their mobility in cm_ sec. 
per volt/cm; and X, the field strength in volts 
cm. This expression may be integrated between 
two points x; and x2 a distance x apart to give 


In —hex/rRX, (3) 


in which J, and J» are the free electron currents 
at x, and x2. It has been customary to employ the 
mobility equation to evaluate ¢ and X for Eq. 
(3). This equation is of the form 


k=0.75eX me, 


where e and m refer to the charge and mass of the 
electron. This equation substituted in (2) gives 
for h 


h=(300mk?X 0.75ex) In (1; Je). (4) 


Either the quantity 4, the probability of cap- 
ture, or o,, the capture cross section, may be used 
in discussing the phenomenon. The former is 
more common in the literature, and the latter 
more interesting in theoretical significance.'’ For 
purposes of comparison both types of reference 
will be employed in this paper. 

It is apparent that either a knowledge of the 
electron mobility or the ratio of the average 
random velocity of the electron to its drift veloc- 
ity in the direction of the field is required for the 
evaluation of the total number of electronic im- 
pacts. Since the existing data on electronic 


0 L. A. Young and N. E. Bradbury, Phys. Rev. 43, 1054 
(1933). 


BRADBURY 


mobilities are not altogether certain, and even 
nonexistent for gaseous mixtures, it is imperative 
to have some method of simultaneously deter- 
mining the electronic mobility. The means for 
accomplishing this in the present work lies in an 
equation given by J. J. Thomson" relating the 
photoelectric current between parallel plate 
electrodes to the mobility of the electrons and 
their initial energy. This equation is of the form 


(6m) /(Cco+ (67) RX), (5) 


in which ¢) is the mean initial velocity of the 
photoelectrons leaving the cathode; X, the field 
strength in volts/cm;7is the current reaching the 
anode, and J, the total current of electrons given 
oft by the cathode, part of which returns to it by 
diffusion. A recent paper” by the author showed 
this to be a feasible, if not direct, method of de- 
termining electronic mobilities providing the 
initial energy of the electrons from the photo- 
electric source was known. In the present experi- 
ment this quantity could be determined. While 
so simple an equation probably does not entirely 
adequately represent the facts and certain the- 
oretical objections can be adduced, nevertheless, 
the agreement between mobilities obtained in 
this manner with those determined by entirely 
independent methods makes it extremely useful. 
This is particularly the case for arbitrary mix- 
tures of gases where no other data exist for the 
electronic mobility. 


APPARATUS 


The essential features of the apparatus are 
shown schematically in Fig. 1. A polished zinc 
plate, A, serves as a source of photoelectrons 
when the narrow image of a quartz mercury arc 
is focussed along its center. The guard rings, 
B, D, Cand E, maintain a uniform field from Vr, 
and the photoelectrons emitted from A_ pass 
through the gas towards the collecting electrode, 
P. In their passage through the gas the electrons 
are captured by neutral molecules. 

The guard rings D and E are movable and are 
divided into identical halves, one-half of each 
guard ring carrying a grid of fine platinum wires, 


"J. J. Thomson, Conduction of Flectricity through Gases, 
University Press, Cambridge, 1928, p. 466. 
2 N. E. Bradbury, Phys. Rev. 40, 980 (1932). 
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Fic. 1. Schematic diagram of apparatus. Alternate wires 
in grids G and G’ are connected together and either grid 
may be moved into or out of the uniform field space. 


G and G’. Between alternate wires of each of 
these grids a high frequency alternating field may 
be produced by means of the oscillating circuit O 
which is coupled to a short wave oscillator (20-70 
meters). Such a grid served to separate electrons 
from a mixed current of negative ions and elec- 
trons and was proposed by Loeb and employed 
by Cravath.’ Electrons reaching the grid as they 
move through the space between A and P are 
swept out to the grid wires during one-half cycle 
of the alternating field, but negative ions, whose 
mobility may be 1000 times less, do not have 
time to reach a grid wire in a single half cycle, 
and the continual reversal of the grid field permits 
the driving field Vy to carry them beyond the 
influence of the grid. The grids are maintained at 
a mean potential equal to that of the guard ring 
in which they are placed and consequently do not 
distort the main field for more than a negligible 
distance on either side. The voltage between the 
grid wires could be varied between 0 and 200 
volts. 

In actual practice conditions are not as ideal as 
described above, since some electrons may 
escape and some ions may be caught by the grids. 
It is to avoid this difficulty, that two grids, G and 
G’, are employed, either one of which may be re- 
moved and an identical guard ring substituted 
when measurements are being carried out with 
the other. The whole assembly is mounted in a 
Pyrex tube and the grids carried in an out of 
position by an externally operated magnetic de- 
vice. In Fig. 1, the grid G is shown in position 
and the grid G’ withdrawn to one side with its 
corresponding guard ring D in place. A side view 


oO 


Fic, 2. Side view of apparatus (grids not shown). 


of the apparatus, without the grids drawn in, is 
shown in Fig. 2. 

It is thus possible to study the electronic com- 
position of the current stream at two points, D 
and E. The distance between these grids, meas- 
ured by means of a cathetometer, was 2.40 cm 
and is the value of x in Eq. (2). The actual meas- 
urements were carried out by measuring the 
total current of ions plus electrons with one of 
the grids in place. The high frequency voltage 
was then applied to the grid causing a reduction 
of the current corresponding to that part of it 
carried by the electrons, the measured remainder 
being the part carried by the negative ions. Hav- 
ing determined the current passing through one 
grid as a function of V,, the voltage between grid 
wires, this grid could be moved to the side and 
the other grid moved into place to make similar 
measurements. Denoting the values obtained 
with and without V, by J and 1, respectively, it 
is immediately apparent that 


In = In (Io 


The value of J) measured will not be the true 
value of J), owing to loss of electrons by ordinary 
diffusion to the grid wires. Since, however, the 
effect is practically the same at both grids, the 
effect on the ratio is negligible. Furthermore, 
since the fraction of ions inevitably caught by a 
grid will increase slightly with increasing voltage 
between the wires of the grid, 7 is not constant for 
all values of grid voltage, but decreases slightly 
as higher grid voltages are reached, as will be 
seen later in Fig. 3. Calculations, however, may 
be made with any values of 7; and i. which cor- 
respond to the same grid voltage. 

To determine the mobility of the electrons, 
both grids were moved out of the main field which 
then became the uniform field between parallel 
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Fic. 3. Curves showing variation of negative ion current 
to collector with voltage between grid wires, V,. (A) shows 
the normal behavior with slopes nearly parallel and a slight 
trace of detachment at high V,. (B) is a typical curve at a 
lower pressure showing marked detachment. 


plate electrodes required by Eq. (5). The ratio of 
the saturation current (the current with no gas 
between the electrodes) received by P to the cur- 
rent received by P with various gas pressures and 
field strengths could then be determined. Eq. (5) 
requires further a knowledge of the average initial 
velocity of the emitted photoelectrons. This was 
obtained in the following manner. A small hole 
(see Fig. 2) is cut through the lower zinc plate 
such that a small part of the image of the mer- 
cury arc falls upon a small zinc sphere, Z, which 
is at the center of another large copper sphere, S. 
This zinc sphere was polished and cleaned in 
exactly the same manner as the photoelectric sur- 
face at A and both were assembled without touch- 
ing the active surface. The energy distribution of 
the electrons from Z could then be determined in 
the classical manner of retarding potentials. 
While such a procedure does not guarantee that 
the two surfaces will be identical, yet it seems 
entirely reasonable to assume that they will be 
adequately so since each is subjected to the same 
baking out, gas conditions, and light treatment. 
Furthermore, preliminary experiments in a 
separate tube" showed that great changes in the 
mean energy were not to be expected under 
ordinary treatment. 

The distance between the plates was 7.00 cm, 
and the area of the collecting electrode 10 cm’. 


'" N. E. Bradbury, Phys. Rev. 43, 502 (1933). 
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The whole apparatus was contained within a 
large Pyrex tube provided with a graded quartz- 
Pyrex seal and plane quartz window for admis- 
sion of the ultraviolet light. No wax seals or joints 
were employed and a liquid air trap placed im- 
mediately before the tube kept out mercury 
vapor and any vapors from stopcock greases em- 
ployed in the gas purifying system. The tube was 
baked out prior to use at 200° (the zinc softening 
at higher temperatures) and could be pumped 
out to better than 10-* mm. 

In practice, because the formation of ozone 
was feared, the light from the quartz mercury arc 
was passed through a filter 12 cm long containing 
Cl, at 15 cm pressure. This cuts off the wave- 
lengths shorter than 2537A and experiments of 
Dickinson and Sherrill’ have shown that ozone 
is not produced in pure oxygen by this wave- 
length unless mercury vapor is present. 

The methods of gas purification employed were 
similar to those employed in measurements of the 
mobility of gaseous ions where the highest purity 
has been shown to be necessary.'® To guard 
further against any change in the character of 
the gases being studied by the ultraviolet light, 
all measurements in air and oxygen were carried 
on while fresh gas was being continually circu- 
lated through the tube at the rate of 5-10 cc per 
second, though other experiments showed this to 
be an unnecessary refinement. No difficulty was 
experienced in obtaining repeatable results. 


EXPERIMENTAL RESULTS 


Typical experimental results for the determina- 
tion of the electron mobility will be considered 
first. The character of the observed 7/J) curves 
plotted against field strength for different pres- 
sures is the same as that previously published and 
will not be reproduced here. The determination 
of the average energy of the emitted photoelec- 
trons was carried out in the usual manner by tak- 
ing the derivative of the observed current to the 
outer collecting sphere plotted as a function of 
the retarding potential between the two spheres. 
The exact theory of this method has been re- 


“4 R. G. Dickinson and M. S. Sherrill, Proc. Nat. Acad. 
Sci. 12, 175 (1926). 
% N. E. Bradbury, Phys. Rev. 40, 508 (1932). 


ELECTRON ATTACHMENT IN OXYGEN 887 


Electron Mobility 
in 
Air 


Electron Mobility 
nn 


Oxygen 


oO x a 6 8 
Fic. 4 Fic. 5 


Fic, 4. Electron mobility in air as a function of X/p. The dotted line is the variation 
reported by Townsend. 
Fic. 5. Electron mobility in oxygen as a function of X/p. The dotted line is Townsend's 


curve, 


cently set forth by DuBridge,"* but for the pur- 
poses of this experiment, this procedure is suff- 
cient. The most probable energy comes out to be 
of the order of 0.7 volt. This value will vary 
somewhat from time to time depending on the 
character of the surface and must be redeter- 
mined for each 7/J) run. Converting values so 
obtained into the corresponding values of ¢ for 
Eq. (5), we may calculate values of ky corre- 
sponding to various values of X /p, where p is the 
pressure in mm of Hg. 

Such mobility curves as a function of X /p are 
shown in Figs. 4 and 5 for air and oxygen. With 
each are plotted dotted curves corresponding to 
the values given by Townsend determined by his 


4 


magnetic method.'? The agreement is within the 
limits of error of both types of observation. The 
different points indicate data taken at different 
pressures between 12 and 95 mm of Hg. 

The determination of the probability of at- 
tachment was carried out as described in the pre- 
ceding section. Fig. 3 shows typical curves ob- 
tained for the negative ion current passing through 
the grids at the two points in the current stream. 
It is seen that this current decreases slightly as 
the voltage between the grid wires is increased 
owing to the larger number of negative ions 
which are caught by the grid. In the case shown 
the main field strength, X, was 41.6 volts/cm, 
and the pressure 15 mm. In general the slope of 
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Fic, 6. Probability of electron attachment in oxy 
indicate data taken at different pressures as shown. 


Cravath. 
L.A, DuBridge, Phys. Rev. $3, 727 (1933). 
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the curves decreased with increasing pressure. 
Fig. 3B shows a type of behavior observed in 
oxygen at lower pressures in which the negative 
ion current, instead of having a constant small 
slope, decreases very rapidly with increasing 
values of the grid potential beyond certain 
amounts. This phenomenon, which has been ob- 
served by Cravath, is ascribed to a “detachment” 
of the excess electron from the negative ion owing 
to the extremely high fields in the neighborhood 
of the closely spread wires. The effect was only 
in evidence at low pressures when the values of 
X/p in the vicinity of the wires became ex- 
tremely high. This phenomenon will be discussed 
in more detail at another point. 

The calculation of h was carried out with 
values of k taken from appropriate data with the 
use of Eq. (4). The points chosen for the calcula- 
tion of 7; and 12 were those points at which the 
slope of these quantities where V, first became 
constant since these more nearly approximated 
the ideal values desired. 

Fig. 6 is a summary of all the data taken in 
oxygen at the different pressures indicated. The 
probability of attachment is plotted as a function 
of Xp. The range of data obtained by Cravath 
is shown by a dotted line. Fig. 7 is a similar curve 
for air. Fig. 8 shows the types of curves obtained 
for mixtures of equal parts of oxygen with nitro- 
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Fic. 7. Probability of electron attachment in air plotted 
as a function of X/p. The data were taken at different 
pressures as indicated. 
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F1G, 8. Probability of electron attachment in oxygen-rare 
gas mixture as a function of Y p. The gases in each case 
are in 1 : 1 ratio. 


gen, argon and helium. The significance of these 
curves will be discussed in the next section. 


DISCUSSION OF RESULTS 


The above data show that the probability of 
attachment of an electron to an oxygen molecule 
is markedly dependent upon the value of X /p, 
i.e., upon the average energy of the electrons 
which are being captured. According to Comp- 
ton'® the terminal energy of an electron moving 
through a gas subject to elastic impacts and 
under the influence of an electric field is given by 
the relation 


Ur =(1/2.31)(AX(M/m)'), (6) 
which can be put into the form 
Ur =(1/2.31) (760 /p)(X(M/m)!) ~4.5X/p. 


In these expressions m is the mass of the electron 
M that of the gas molecule, and \ the mean free 
path of an electron at 760 mm. At a value of 
X /p=2 this corresponds to a terminal energy of 
the order of 9 volts. This, however, is much too 
large and it has long been known that electronic 
impacts in oxygen were probably more inelastic 
than in other gases. 

The only experimental measurements of this 
important quantity, the random energy of the 
electrons as a function of X/p, are those of 


Townsend and his students. While taken by an 


'SK. T. Compton, Rev. Mod. Phys. 2, 221 (1930). 
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indirect method, their measurements of the 
lateral rate of diffusion of a beam of electrons 
passing through the gas should give results cor- 
rect, at least, in order of magnitude. The values 
obtained do not agree with the simple theory 
given above. It is probable that the too simple 
assumptions of constant cross section, uniform 
angular scattering, and energy losses resulting 
only from momentum transfers at impacts upon 
which Eq. (6) is based are responsible for the 
deviation. 

Assuming the approximate correctness of 
Townsend’s values for the terminal energy of 
electrons in air and oxygen, it is interesting to 
plot the data of Figs. 6 and 7 upon an electron 
energy (E.) scale rather than as a function of X /p. 
When this is done in Fig. 9, the apparent discrep- 
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Fic, 9. Probability of electron capture and electron cap- 
ture cross section plotted as a function of average elec- 
tronic energy. The smaller scale on the left refers to the 
lower curve which is for air. The upper curve is for oxygen. 


ancy between the air and oxygen curve vanishes. 
Since it is known that the nitrogen molecule does 
not attach electrons, all attachment in air must 
be due to the oxygen present, and it would be 
surprising to find the attachment a very different 
function of the electronic energy in the two cases. 
Within the limits of error the two curves show 
the same behavior and differ only in magnitude. 

Two questions remain: What is the cause of 
the rapid rise in probability of capture after the 
electrons reach approximately 1.6 volts energy? 
and second, what is the relation between the 
magnitudes of the two curves? Theoretical con- 
siderations recently published" make it seem 
probable that the electron capture cross section, 
in some cases at least, varies roughly as the in- 
verse square root of the electronic energy. This 
theory is compatible with the portion of the 


curves before 1.6 volts. The explanation for the 
rise beyond this point must lie in the fact that at this 
energy, electrons begin to make inelastic impacts 
with oxygen molecules. According to Birge,'® the 
first level above the ground state of the oxygen 
molecule occurs at 1.62 volts. 

Electrons which make such an inelastic impact 
have their velocity reduced to zero, and must 
gain their terminal energy anew. While this is 
going on, their probability of attachment is that 
for electrons of extremely low velocity, and hence 
the sudden appearance of large numbers of nega- 
tive ions at and a little above this energy. This, 
of course, does not go on indefinitely. Theoretical 
and intuitive considerations make it seem ap- 
parent that, as the energy of an electron increases, 
the probability of attachment must ultimately 
decrease, and this appears to be the case in the 
present experiments. It was not possible to trace 
the entire right-hand portion of the curve as the 
low pressures and high field strengths required 
caused breakdown in other parts of the tube. 

That this explanation of the phenomenon is 
the correct one is supported by measurements 
made in mixtures of O, with argon and helium. 
No energy scale exists for these mixed gases, but 
from elementary considerations the rate of gain 
of energy in the two must be roughly propor- 
tional to X/p at low X/p and electrons should 
gain energy faster in argon than in helium. Hence 
the order of reaching the critical potential of 1.62 
volts should be argon, helium, nitrogen. Fig. 8 
shows this to be the case. Further, the rise is 
extremely rapid beyond the minimum corre- 
sponding more nearly to the uniform energy scale 
graph of Fig. 9. The difference in the appearance 
of the Ne+Os curve is due to the fact that an 
X /p scale rather than electron energy has been 
used. It seems certain that the probability of 
attachment is a steadily decreasing function of 
the electronic energy and that the observed rise 
is due to inelastic impacts. 

Since the attachment in air is due only to the 
oxygen present, it might seem that the value of 
h should be 1/5 that of oxygen. Actually the 
calculation is not so simple, for we must compute 
the relative number of impacts with the two 
types of molecules, which will in turn be a func- 


1” R. T. Birge, Molecular Spectra in Gases, Bull. Nat. 
Research Council, 1926, p. 244. 
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tion of the mean free path and the mol fraction 
of the respective gases. Such an expression turns 
out to be 


ho, +firde/fedrs), 


where f; and f2 are the mol fractions of the re- 
spective gases and \, and 2 the mean free paths 
of an electron in them. This latter quantity is 
difficult to ascertain correctly. At 0.8 volt 
electronic energy Townsend gives the ratio 
A2/A, for He and Og as approximately 2. Ram- 
sauer cross sections are vague in this region. 
Assuming a value of 2, we see that the value of h 
for air should be 1/9 that for O2. Experimentally 
in the region 0-1.0 volts electronic energy the 
ratio is of the order 10 to 13 which is well within 
the uncertainty of the calculations. At 1.8 volts 
electronic energy, the probability of attachment 
in Og becomes more than 50 times that for air. 
Although in this region the Ramsauer cross sec- 
tions for N2 show values 3-4 times those for Oo, 
it is doubtful if this will explain the discrepancy. 
It seems much more probable that an electron 
having suffered an inelastic collision starts out 
with practically zero velocity. During its next 
impacts it is continually gaining energy from the 
field, but it will not reattain its terminal energy 
until after many collisions. If these subsequent 
low energy collisions are with molecules of Os, 
there is great probability of capture. If, however, 
in the interval between collisions with oxygen 
molecules an electron has gained energy corre- 
sponding to several collisions with inert nitrogen 
molecules, its chance of attachment to the next 
oxygen with which it collides is far less than had 
the intervening collisions been with capturing 
atoms. With such high capture probabilities at 
low electron energies, such a phenomena will 
readily account for the discrepancy between the 
values of h. Quantitative calculations are not 
feasible because of the inadequacy of collision 
data. 

No variation with pressure was observed, in 
agreement with the results of Bailey, though the 
values obtained here are somewhat higher than 
his. Cravath observed a variation of / with 
pressure for air, but his values at higher pressures 
are compatible, in their range, with these. The 
directness and consistency of this method, how- 
ever, lend weight to these results. 
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The phenomenon of detachment is of sufficient 
interest to deserve mention. It is observed in low 
pressure measurements in oxygen with compara- 
tively high potentials between the wires of the 
grid. Fig. 3B shows the type of observation. In 
this case detachment appears to set in at V’, = 60 
volts and the value of X /p between the grid wires 
is of the order of magnitude of 110. Under such 
circumstances the gain in energy of a negative ion 
in one free path might be of the order of 0.6 volt. 
This behavior of negative ions should be further 
investigated, for, from the energy necessary to 
remove the excess electron, we may obtain direct 
measurements of that interesting quantity, the 
electron affinity of the molecule. Measurements 
have been attempted by Oldenburg” to deter- 
mine this quantity for the iodine atom by spec- 
troscopic observations but without success. 

In connection with the mechanism postulated 
here of increased attachment following inelastic 
impacts, it is of interest to note the qualitative 
experiments of Mohler.*! With a beam of electrons 
of controlled energy passing into a gas at low 
pressure, he observed the formation of negative 
ions as a function of electron energy. In several 
cases an increase in the number of negative ions 
formed was found at a point corresponding to a 
known critical potential of the molecules in- 
volved. He, however, did not investigate oxygen. 


CONCLUSION 

It will be of interest to investigate other gases 
for the appearance of the phenomenon of in- 
creased attachment following an inelastic impact. 
Gases such as NH; and NO; have been found by 
Bailey” to give an increasing number of negative 
ions as the electron energy is increased. This may 
be another type of attachment cross section or 
the result of an inelastic impact. Experiments 
with very low electronic energies should settle 
such a question. 

In conclusion, the author desires to express his 
indebtedness to Mr. Howard Tatel for the con- 
struction of the high frequency oscillator and to 
Mr. J. E. Ryan, departmental glass blower, for 
his skill and assistance in the assembly of the 
complicated tube. 

2° Q, Oldenburg, Phys. Rev. 43, 543 (1933). 


A. Mohler, Phys. Rev. 26, 614 (1925). 
2 V. A. Bailey, Phil. Mag. 95, 993 (1932). 
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Photoelectric Yields in the Extreme Ultraviolet 


Cart Kenrty, General Electric Vapor Lamp Company, Hoboken, New Jersey 
(Received September 18, 1933) 


The photoelectric yields for various surfaces (Ni, W, Mg, 
W-O and Constantan) illuminated by the extremely short 
wave-length radiation given out by the positive columns in 
He, Ne and A respectively, have been determined. The 
effect of the extremely short wave-length radiation was 
separated from that of the complete radiation by the use of 
a quartz disk which, when inserted, cut off all radiations, 
below 1500A. The yields obtained (in electrons per 100 
quanta) range from 11 in the case of Constantan and He, to 
0.14 in the case of Mg (surprisingly) and Ne. The yields, 


e.g., for well degassed Ni for He, Ne and A, were 4.4, 1.6 
and 0.6 respectively; those for the other surfaces except 
Mg varied with the gas in the same general way. Thus the 
maximum in the yield for most ordinary metal surfaces 
probably lies on the short \ side of 584A. W-O gave 
greater yields than W (except in A) and in general un- 
degassed metals gave yields several times greater than well 
degassed ones. The size of the yields suggests that the 
photoelectric emission from probe and cathode surfaces in 
the rare gases may be of considerable importance. 


EASUREMENTS of photoelectric yields 

in the ultraviolet have been few and 
extend only to about 2000A. The present paper 
describes measurements, earlier briefly reported 
in part,’ of yields in the case of the resonance 
radiations of He, Ne, and A (at about 1061A, 
740A, and 584A respectively) incident on a 
number of surfaces. 


I. APPARATUS AND METHOD 


In Fig. 1 radiations from a positive column 
type discharge, in a rare gas at low pressure, 
between a hot tungsten cathode K and an anode 
A fall upon the receiver // of an absolute 


hic, 1. Diagram of apparatus. 


*Carl Kenty, Phys. Rev. 38, 2079L (1931). 


thermopile of the type developed by Coblentz 
and Emerson.? A suitably connected grid G 
collects and measures the saturation photo- 
electric emission from //. A crystalline quartz 
plate Q, which can close the circular opening in 
the Ni cylinder D, permits separation by the 
method of differences of the effects of the 
extreme ultraviolet (EUV) radiations (which lie 
within the relatively narrow regions 584-505, 
744-575 and 1066-788A in He, Ne and A 
respectively*), from the effects of the remainder 
of the arc spectra (which extend into the ultra- 
violet only to 2600, 2400 and 2950A respec- 
tively‘). 

The receiver // is a Constantan strip 1.78 X 2.20 
0.000635 cm through which a calibrating 
current can be passed. About 1 mm behind // 
are 19 thermopile junctions J; and at about 1.5 
em behind // the corresponding cold junctions 
Jo. J; and J, are schematic in the main figure; 
they were made by spot-welding suitable lengths 
of Fe and Constantan ribbon (0.0025 0.1 cm) 
together to form a string which when wound on 


2?W. W. Coblentz and W. B. Emerson, Bull. Bur. Stand. 
12, 503 (1915-16). 

* Dorgello and Abbink, Physica 6, 150 (1926) and 7, 1 
(1927) have shown that mainly only the resonance lines are 
developed in the extreme ultraviolet by positive column 
discharges in He, Ne and A. 

‘ Infrared radiations beyond the limit of transmission of 
quartz (about 30,000A) will be generated mainly only by 
the glass walls of the tube (see below). 
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a three legged frame insulated by thoria tubing 
(the two front legs are shown in the inset) gave 
J; and Jz in the positions indicated. The leads, 
serving also as supports for the device, were 
welded to Ni parts (shown schematically at NV) 
clamped around sections of thoria tubing. This 
rugged construction permitted repeated baking 
out at 450°C. A Ni cylinder C insures that 
scattered radiation cannot reach J; and Je. 

His a left bright in order to decrease relatively 
the sensitivity to the visible and infrared rays 
(the EUV radiations being only slightly reflected, 
see below); this is important in the case of He, 
below, where the EUV radiation available is 
small compared with the visible, infrared and 
heat rays. A Ni plate P, of the same area and 
shape as JT, is movable magnetically to a position 
directly in front of JJ; it may be degassed 
inductively in the position shown, or rotated and 
moved opposite S and coated with Mg (see 
below). A potential of 45 volts across the Ni 
plates E,E,; removes any ions and electrons 
diffusing away from the discharge (a small 
effect detected only at the lowest pressures in 
He). 

The tube is of Pyrex and has a quartz window 
at X attached by a graded seal. The metal 
parts except H/ and J; and Jz; were vacuum fired 
before assembly. Before each run the tube was 
exhausted for 1 hour at 450°C and then for two 
hours at 300°C; meanwhile parts of the vacuum 
system not in the furnace were torched. The 
metal parts, except the thermopile assembly and 
D, were degassed by inductive heating. The 
gases, of high initial purity, were further purified 
by continuous circulation, over chabazite® in 
liquid air in the case of He, over charcoal in the 
case of Ne, and through a misch metal arc in 
the case of A. Two liquid air traps in series 
(filled with glass beads) at the intake J, and one 
at the outlet O, insured that no Hg vapor from 
the circulating Hg diffusion pump entered the 
tube. Tests similar to those described in an 


earlier paper’ assured that the purity of the gas 


5 Chabazite, when well degassed (here at 450°C) and 
placed in liquid air, is known to absorb all gases except He. 
The sorption process in this mineral is discussed by M. G. 
Evans, Proc. Roy. Soc. A134, 97 (1931). 

® Carl Kenty, Phys. Rev. 43, 181 (1933). See also Phys. 
Rev. 38, 377L (1931). 
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in each case was as high as or higher than that 
attained formerly.® 


II. ISOLATION OF THE PHOTOELECTRIC EFFECT 
FROM THE EFFECTS OF METASTABLE ATOMS 


From experimental results already described* 
we can conclude that, at least in Ne and A, the 
contribution of metastable atoms to the currents 
between // and G either in (1) emitting electrons 
from surfaces’ or (2) in ionizing traces of im- 
purities®: * will be negligible.* Especially will this 
be true since considerably lower gas pressures 
are used here than in the former experiments, 
gaseous collision during the lifetime of the 
resonance atoms being necessary for the forma- 


7 Simon Sonkin, Phys. Rev. 43, 788 (1933) and numerous 
other writers. 

*F. M. Penning, Zeits. f. Physik 78, 454 (1932) and other 
papers. See also O. S. Duffendack and R. W. Smith, Phys. 
Rev. 43, 586L (1933). 

* In early experiments with the tube of Fig. 1 a 2.5 cm 
magnetically rotatable, mica-backed Mo disk replaced the 
plates -,£,. Approximate saturation electron currents 
from this disk when its bare side faced perpendicularly the 
discharge were much greater (e.g., 6-fold in Ne at 0.1 mm) 
than when it was parallel to the axis of the tube. This 
showed that at least the “ |’’ currents were caused mainly 
by the photoelectric effect of the primary radiation beam. 
The objection (only partial in any case) of Reichrudel and 
Spiwak (Ann. d. Physik 17, 65 (1933), note added in 
proof) is invalid since the EUV radiations in question will 
be only slightly reflected (cf. references 21, 22 below). 
These writers (see also Phys. Rev. 42, 580 (1933)) bring a 
glass surface up in the rear of a small spherical probe 
located beyond a discharge in Ne, and observe that the 
apparent electron current from this probe is thereby 
considerably reduced. They conclude that such a current 
is largely caused by metastable atom emission of electrons 
from the probe. While metastable atom emission may be of 
somewhat greater importance in the case of a small probe 
than in the case of relatively large surfaces (comparable 
with the dimensions of the surroundings) as in our experi- 
ments, we believe in regard to Spiwak and Reichrude}'s 
conclusion that careful consideration is necessary of the 
effect of the glass surface on the geometry of the sur- 
rounding space insofar as this influences (1) diffusing 
radiation (which like metastable atoms will be destroyed by 
the glass), (2) ionization of gaseous impurities by meta- 
stable atoms, (3) the field near the probe and (4) the diffu- 
sion of ions and electrons across the relatively short space 
between the discharge and the probe, which may be of 
different relative importance in their Ne experiments and in 
their control experiments in Hg. 
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tion of the metastable atoms in Ne and A.'° 
In He, however, the former experiments indi- 
cated that metastable atoms were of relatively 
greater importance. This was shown to be at 
least partly due to a relatively high formation 
of metastable atoms from resonance atoms, 
probably spontaneously by radiation of the 
strong line 20,582A (a process which does not 
exist in Ne and A and which will be relatively 
little reduced by lowering the gas pressure). 

To improve matters in He, the grid G (also 
used in Ne and A) was designed with rectangular 
passages 0.3 cm square and 0.4 cm long. Ac- 
cording to Schottky’s law of diffusion" in tubes 
metastable atoms diffusing through these pas- 
sages will be reduced at the walls to relatively 
negligible numbers; the only metastable atoms 
reaching H (or P) will practically be those formed 
within a small region extending from H7 (or P) 
about halfway toward G. From rough consider- 
ation of the diffusion problem with and without 
G we estimate that G will reduce (1), above, by 
a factor of at least 5 or 6. The reduction in 
pressure as well as the narrowing of the space 
between JJ (or P) and G will still further greatly 
reduce (2) (by reducing the concentration of 
metastable atoms which may be built up, on 
which (2) depends) so that we may consider the 
effects of metastable atoms practically eliminated 
even in He. As an example of the efficiency of G 
in reducing the effects of metastable atoms, 
strong irradiation’ of the space between the 
plates E,E, with He light reduced the currents 
between them (due to a discharge between K 
and A in He at 0.3 mm containing a minute 
trace of impurity) by about 10 percent but 
similar irradiation between JJ and G had no 
detectable effect on the currents between these 
electrodes. 


Ill. ENERGY MEASUREMENTS 


A galvanometer of sensitivity 2.210-* volt 
per mm, resistance 13.75 ohms and period 5 sec. 
was connected in series with the thermopile 
junctions which had a resistance of 26.9 ohms. 
An additional resistance of 23 ohms was shunted 


*C. G. Found and I. Langmuir, Phys. Rev. 39, 237 
(1932). 


"W. Schottky, Phys. Zeits. 25, 635 (1924). 
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across the galvanometer for approximate critical 
damping. 

Curves A and B, Fig. 2 show the response- 
time curves of the galvanometer, as thus con- 
nected, without and with Q, respectively, caused 
by a 300 m.a. discharge in Ne at 0.12 mm. 
Curves C and D represent similarly response 
curves due to the calibrating currents indicated. 
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Fic. 2. Thermopile response-time curves; A: for a 300 
m.a. discharge between K and A (Fig. 1) without quartz 
filter Q; B: for same with Q; C and D: for calibrating cur- 
rents in thermopile receiver, HZ, of 42 and 55.1 m.a. re- 
a Sources of heat are applied at =0 and shut off 
at sec. 


As shown by curves C and D the response of 
the thermopile is approximately proportional to 
the heat input to (R?’, where R=0.057+0.003 
ohm is the resistance of /7) in the two cases 
(a result found to be true within the experimental 
error over a wide range) and yields a mean value 
of the thermopile sensitivity (based on the 
deflections at 30 sec.) of 3.42 microwatts (uw) 
per mm.” Curves A and B then give the heating 
effects of the discharge without and with Q 
respectively as 112 and 64uw. The return of the 
galvanometer toward zero after the shut off of 
the energy input in approximately the same way 
for all curves shows that heat rays from the 
glass warmed by the discharge were unimportant 
(see below). We assume therefore that the only 
important radiations shut out by Q are the EUV 
radiations. Increasing the 64yw values by 8 


2 Similar sensitivities at 0.3 and 0.4 mm of Ne were 2.7 
and 2.4uw per mm respectively, and in 0.12 mm of A and 
0.07 mm of He, 2.7 and 6.4uw per mm respectively. In 
vacuum, the sensitivity was 16uw per mm and the response 
relatively slow. It is evident that the performance of this 
type of thermopile is much better with gas present than ina 
vacuum. 
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percent to allow for the reflection by Q of the 
remaining radiations and subtracting from 112uw 
we find 42.5uw for the heating effect of the EUV 
radiations or 38 percent of the total. Curves A 
and B, Fig. 2 each represent the average of 
several individual curves. Curves taken for argon 
at 0.12 mm and for a 150 m.a. discharge were 
closely similar to those of Fig. 2; the heating 
effect of the EUV radiations was 36.4uw which 
was 47 percent of the total. 

Similar measurements were carried out in He. 
The EUV radiation from He was found to be 
very small. (1/12 and 1/25 as great as in Ne 
and A respectively, per unit positive column 
wattage) and heat rays from the glass, warmed 
by the discharge, were of considerable impor- 
tance. This was shown by the fact that the 
curves corresponding to curve A, Fig. 2 did not 
approach saturation normally and did not return 
toward zero after shutting off the discharge but 
toward a higher semi-equilibrium value. By trial, 
a unique curve could be constructed to represent 
the effects of these heat rays which when 
subtracted from the actual curve gave a curve 
which conformed closely to the normal type and 
which was therefore taken to represent the true 
effect of the discharge radiations. A He pressure 
of 0.07 mm was used and a discharge of 160 
m.a.'* A large number of runs were made, each 
run being corrected for slow galvanometer drifts. 
The average of the results showed the heating 
effect of the EUV radiations to be 3.5uw or 
16 percent of the total energy received. 


IV. PHOTOELECTRIC MEASUREMENTS 


Fig. 3, curve A, shows the current between 
H and G (Fig. 1) as a function of the voltage 
applied between these electrodes in the case of a 
300 m.a. discharge in Ne at 0.12 mm (same 
conditions as in Fig. 2). In all cases the photo- 
electric measuring system was left floating with 
respect to the discharge. Curve B shows the 
similar current between P and G when the former 
is placed directly in front of H7. Curve C is the 


48 These were found to be the most favorable conditions. 
The discharge was greenish in color due to the singlet line 
5016A. Higher discharge currents and particularly higher 
gas pressures tended to bring out the triplet spectrum to the 
exclusion of the EUV (singlet spectrum). 
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Fic. 3. Current voltage characteristics; A: of G and H 
(Fig. 1), B: of G and P, C: of G, and P covered with Mg. 
Positive voltages are for G positive to the other electrodes 
in every case. Discharge: 300 m.a. in Ne at 0.12 mm. 


same as B except P is coated with Mg (see 
below). Fig. 4 shows somewhat similar curves for 
argon. Curves obtained for He (conditions as in 
§ III) were closely like those for Ne in form 
and need not be given; they indicated saturation 
currents of 1.9, 0.7 and 0.1310-* amp. for 
Constantan, Ni and Mg respectively. All curves 
were taken with Q removed; with Q in place 
currents were negligible in all cases. 

The relative saturation of the right-hand parts 
of these curves, at least in limited regions, 
suggests that the effects of (1) back diffusion” 
and (2) ionization in the space caused by the 
applied field (cf. the rise in curve A, Fig. 4 at 
15 volts) are not great in these regions. The 
currents at 20 volts were chosen to represent the 
saturation photoelectric currents in He and Ne 


Current (amp. x 10%) 
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Fic. 4. Current voltage characteristics similar to those of 
Fig. 3 but for a 150 m.a. discharge in 0.12 mm argon. 


47. Langmuir, Phys. Rev. 38, 1656 (1931). 
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and at 10 volts in A. The errors in the calculated 
quantum yield, £, due to (1) and (2) will be in 
opposing directions; however, measurements of 
E at higher pressures (up to 1 mm) in Ne and A 
gave values of E substantially lower (up to 50 
percent) than those obtained around 0.1 mm, 
which indicates that (1) is probably more 
important than (2) at the above applied voltages 
and that (1) is of relatively increasing importance 
at higher pressures.'* Probably, on account of 
(1) therefore, the values for E calculated below 
will be slightly too small notwithstanding the 
low pressures used. 

The left-hand parts of the curves do not 
saturate, probably because higher fields pene- 
trate further into the spaces of G drawing off 
more of the electrons emitted from the walls of 
these spaces by scattered radiation. 

Comparison of photoelectric currents from W, 
oxidized W (W-—QO) and some Mg surfaces 
already briefly reported’® were made with an 
apparatus previously described." Well degassed 
Ni has now been studied in the same apparatus 
so that the photoelectric yields obtained from 
the surfaces studied in the two different tubes 
can all be compared in terms of Ni. 


V. TREATMENT OF PHOTOELECTRIC SURFACES 


The Ni plate P was degassed by repeated 
inductive heating in vacuum to the point of 
evaporation, and the W disk of Fig. 1 reference 
6 by similar heating to about 2C00°K (as 
determined by an optical pyrometer).'’? The 
oxidized W surface was prepared by heating the 
W disk to a bright red heat for a few seconds in 
0.020 mm Os. The Mg surface was prepared by 


® Carl Kenty, Phys. Rev. 43, 776A (1933). 

‘The W disk D (Fig. 1 of reference 6) was used first well 
degassed and later oxidized; it was later replaced by a Ni 
disk of the same size. Similar discharge currents and gas 
pressures (0.5 mm) were used in all cases. Curves were 
obtained similar to those of Fig. 2 (reference 6) but better 
saturated owing to the lower pressure. The ordinates of the 
“L” curves at 15 volts were taken to represent the 
saturation photoelectric currents (see footnote 13 of 
reference 6). A quartz window was sealed on to the tube so 
that the photoelectric thresholds of the surfaces could be 
obtained. 

At this temperature oxygen rapidly evaporates from 
W. See I. Langmuir and D. S. Villars, J. Am. Chem. Soc. 
53, 486 (1931). 


distilling the metal in vacuum first from a pure 
Mg wire inside the iron cylinder F (Fig. 1) on 
to the W spiral S and then, placing P in front 
of S, on to P. We believe this procedure gave a 
purer Mg surface than that attained in the 
earlier experiments.": 

During the preparation of a surface the gas in 
each case was temporarily removed from the 
tube into the purifying apparatus by the circu- 
lating pump, a suitably placed Hg cut-off having 
been raised to stop circulation. The gas could 
then be returned to circulation and to its former 
pressure by lowering the cut-off. 

The photoelectric thresholds of the different 
surfaces were roughly measured by the method 
of filters'® by using a quartz Hg are (at X in the 
case of Fig. 1). The values given in Table I 


TABLE I. Percentage photoelectric yields. 


Approximate 
P. E. Percentage Yield (F ) 
Surface threshold He(A584) Ne(A740) A(\1060) 


H (Constan- > 2537 11.2 5.5 2.10 
tan) unde- 
gassed 
P (Ni) 2537 4.4 1.56 0.60 
Mg 3300 0.6 0.14 0.25 
W 2537 5 2 0.7 
W-0 < 1849 6 3 0.6 


below are those obtained directly before taking 
the curves of the preceding section. Working 
quickly, these curves were obtained before 
minute traces of impurities, dislodged by the 
discharge, had appreciably affected the surfaces. 
The changes thus produced caused slowly in- 
creasing EUV photoelectric responses and de- 
creasing thresholds in all cases except oxidized 
W. Cathodic sputtering of Ni and W in situ 
returned the surfaces to approximately their 
former state; indeed sputtering appeared to 
produce slightly cleaner surfaces than the heat 
treatment, as indicated by thresholds slightly 
nearer the most reliable values for the clean 


18 The threshold of Mg here obtained (Table I) agrees 
with that recently found by Déjardin and Schwégler, 
Comptes Rendus 196, 1585 (1933), but is lower than that of 
Cashman and Huxford, Phys. Rev. 43, 811 (1933). 

19R, C. Williamson, Phys. Rev. 21, 107 (1923) and 
others; see Hughes and DuBridge, Photoelectric Phenomena, 
p. 48. 
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metals” and by slightly lower EUV photoelectric 
responses. Since these changes were small we 
believe our yields (Table I) are fairly repre- 
sentative of the clean metals. 


VI. CALCULATION OF PHOTOELECTRIC YIELDS 


The first row of Table I shows the number (£) 
of electrons emitted from H per 100 absorbed 
quanta, calculated from the data of §§ III and 
IV by using the approximate wave-lengths of the 
resonance lines concerned.’ The second and 
third rows show the similar yields for Ni and 
Mg respectively based on the ratios of the 
ordinates of the curves in §IV as discussed 
above and the assumption that the absorption 
coefficients of all the surfaces are approximately 
the same for a given EUV radiation. This 
assumption is probably sufficiently true for the 
present purposes since from the works of 
Gleason*™ and of O’Bryan™ the reflection coeffi- 
cients for normal incidence for the surfaces and 
radiations in question are probably <0.1 in all 
cases. To a higher degree of accuracy the values 
in the table represent (within a given column) 
the relative yields per unit incident energy. 

Rows 4 and 5 show similarly the yields from 
W and W—O based on the ratios of the currents 
from these surfaces to the current from Ni (§ IV). 

It was observed with other apparatus that 
approximate saturation EUV photoelectric cur- 
rents, in the case of Ne, from Ni, Fe, Constantan 
and graphite were all of the same order of 
magnitude and that undegassed Ni, Fe and 
Constantan gave two to three times as much 
current as the well degassed surfaces.”* 

Measurements of E for Ne and A could be 
repeated within 5 percent and those for He 
within 10 percent. Uncertainties in the method 


2° Hughes and DuBridge, Photoelectric Phenomena, p. 76. 

2 P. R. Gleason, Proc. Nat. Acad. Sci. 15, 551 (1929); 
Proc. Am. Acad. Arts and Sci. 64, 91 (1930). 

2H. M. O'Bryan, Phys. Rev. 38, 32 (1933). 

23K. Sommermeyer, Ann. d. Physik 13, 315 (1932) gives 
evidence for a large secondary emission of electrons 
(perhaps caused mainly by photoelectric action of the 
resonance lines) from the glass walls of a rare gas discharge 
tube, which is much greater for undegassed than for well 
degassed walls. G. Bandopadhyaya, Proc. Roy. Soc. A120, 
96 (1928), and others find similarly that soft x-rays eject 
more electrons from gas contaminated metal surfaces than 
from well degassed ones. 


CARL KENTY 


of correcting for heat rays may increase the 
error in He to 20 or 30 percent. Any appreciable 
infrared radiation beyond the limit of trans- 
mission of quartz, developed in the discharge, 
would cause the calculated values of E to be 
too small (cf. the effect of back diffusion, § IV). 


VII. Discuss1Ion AND CONCLUSION 


It has long been recognized that the photo- 
electric yield from an ordinary metal surface 
probably reaches a maximum somewhere in the 
extreme ultraviolet.** The curves of Fig. 5 which 
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Fic. 5. Photoelectric yields as a function of wave-length. 
(Plotted from Table 1.) 


are plotted from the data of Table I, suggest 
that the maxima for the surfaces studied lie to 
the short \ side of 584, and that they may reach 
relatively high values. It is of interest that 
Richardson® was led from experiments to infer 
yields approaching 100 percent in the soft x-ray 
region.* The curve for Ni is extrapolated toward 
longer \ to give an idea (necessarily only approxi- 


% See for example, Campbell and Ritchie Photoelectric 
Cells pp. 26, 27. According to the theory of Tamm and 
Schubin two maxima would be expected; see the review by 
L. B. Linford, Rev. Mod. Phys. 5, 34 (1933). 

%O. W. Richardson, Proc. Roy. Soc. A119, 531 (1928). 

* Recent work of J. Bell, Proc. Roy. Soc. Al41, 641 
(1933) indicates that for 1000 volt x-rays the yield 
probably again has become relatively small. 
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mate since available data are very meager, of 
relative yields in nearer ultraviolet regions. 

The relatively steep ascent of the curves of 
Figs. 3 and 4 through the region of zero voltage 
indicates that the bulk of the electrons are 
emitted, in most cases, with only a few volts 
energy although the energies available from the 
incident quanta are much greater (11.6-21 volts 
less the work functions involved); similar ob- 
servations were made by Oliphant” for the case 
of electrons emitted from a Mo surface by fast 
He metastable atoms. By lengthening the cells 
of G, Fig. 1, and coating their walls with Mg we 
hope to reduce the electron emission therefrom 
to negligible values and obtain more exact 
information concerning the energy distribution 
of electrons emitted from different surfaces (P) 
by extreme ultraviolet light. 

It is perhaps surprising to find W—O (for 
example) yielding so much greater (20-fold in 


*M. L. E. Oliphant, Proc. Roy. Soc. Al24, 228 (1929). 


Ne) currents than Mg (which in most circum- 
stances would be expected to yield the larger 
currents).?’ Possibly use can be made of this 
property of Mg in isolating the photoelectric 
component of the electron emission from probe 
and cathode surfaces.** From the size of the 
yields in Table I (they compare with the highest 
obtainable from sensitive films in the case of 
visible light®®), we might expect this component 
to be higher in many cases than has usually 
been supposed.*: *° 

It is a pleasure to thank Mr. E. W. Pike and 
Mr. J. A. St. Louis for a number of helpful 
suggestions and Mr. J. D. Forney for valuable 
aid in constructing the thermopile. 


27K. K. Darrow, Electrical Phenomena in Gases, p. 362. 

28 For bibliography see K. K. Darrow, reference 25, pp. 
362-365 and elsewhere. E. W. Pike, Phys. Zeits. 33, 457 
(1933). 

29 See for example Hughes and DuBridge, reference 19, 
pp. 170, 171. 

% J. Taylor, Proc. Roy. Soc. A117, 508 (1928) and other 
papers. 
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Measurements are reported which show that if a piece of 
rocksalt be placed in water, the water actually penetrates 
into the interior of the crystal. A discussion is given of the 


role played by the water in causing the high degree of 
plasticity and tensile strength (Joffé effect) characteristic 
of salt crystals which have been so treated. 


PIECE of rocksalt which has been im- 
mersed in water and allowed to dissolve 
partially exhibits two remarkable properties, 
namely, a very high degree of plasticity’ and a 
noticeable increase in its tensile strength.” In 
spite of the many researches carried out upon this 
subject, neither of these effects is completely 
understood, as the exact rdle played by the water 
and the mechanism of its action remain unknown. 
Joffé in a paper in 1924* suggested that the en- 
tire phenomenon was a surface effect, the water 
simply serving to remove the dry surface with its 
minute cracks and fissures. Griffith’ had shown 
that the presence of such crevices could easily 
lead to extremely low values of plasticity and 
tensile strength, since the forces which one ap- 
plied to the crystal would be greatly magnified 
at the inner edges of such fissures. Dry‘ salt, 
therefore, was assumed to be brittle at room tem- 
perature, this brittleness being determined sup- 
posedly by the presence of these small crevices. 
Polanyi and Ewald? took issue with this theory 
and offered a new explanation of the two effects. 
According to their views also, the action of the 


1 This was first noted by Engelhart in 1867 while working 
in the salt mines. See B. K. Kleinhanns, Phys. Zeits. 15, 363 
(1914). 

2A. Joffé, M. W. Kirpitschewa and M. A. Lewitsky, 
Zeits. f. Physik 22, 286 (1924); 31, 576 (1925). 

3A. A. Griffith, Trans. Roy. Soc. A221, 163 (1920). 

‘Throughout this paper, salt in its normal condition 
shall be referred to.as dry salt. Salt which has been made 
plastic by the action of water shall be called wet salt. A 
sample shall be considered plastic when it can be noticeably 
bent with the fingers. 

5 W. Ewald and M. Polanyi, Zeits. f. Physik 28, 29 
(1924); 31, 746 (1925). 


water was supposed to take place upon the sur- 
face of the crystal. They assumed that dry salt 
was brittle, and that in some manner the water 
caused the elastic limit actually to be lowered, 
making the crystal plastic. If, due to some applied 
stress, a deformation followed, the result was a 
toughening (Verfestigung) or increase in the ten- 
sile strength. 

Later on Smekal’ offered still another theory in 
an attempt to account for these unusual proper- 
ties of crystals. He had shown previously’ that 
any normal crystal of salt is characterized by the 
presence of an almost uniformly distributed 
number of imperfect regions, which he supposed 
to be either actual little holes, networks of 
crevices, or simply regions of loosely bound 
atoms. These he assumed to be the cause of the 
low values of the tensile strength found in such 
crystals. Together with Quittner he had shown 
indirectly (by means of electrical conductivity 
measurements) that these imperfections made it 
possible for water to enter the interior of a crystal. 
This water, they found, caused marked changes 
in the physical properties of the crystal, making 
in reality a different crystal out of the original 
one. The resulting crystal was highly plastic, and 
as a result of a deformation exhibited high tensile 
strength values. 

These three hypotheses will be referred to as A, 
B and C respectively. Various experiments have 


* A. Smekal, Naturwiss. 16, 743, 1045 (1928); F. Quittner 
and A. Smekal, Zeits. f. physik. Chemie B3, 162 (1929); 
A. Smekal, Phys. Zeits. 32, 187 (1931); See also E. Schmid 
and O. Vaupel, Zeits. f. Physik 56, 308 (1929). 

? See Smekal's chapter in the Handbuch der Physikalischen 
und Technischen Mechanik. 
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shown, that: (1) dry salt is not absolutely brittle ;§ 
(2) wet salt is very plastic;® (3) the elastic limits 
for dry and wet salt are quantitatively the 
same ;!° (4) the interior of wet salt has definitely 
been changed with respect to that of the dry 
salt ;" (5) a purely surface action is improbable ;” 
(6) a static effect is not possible.” From a com- 
parison of these facts with the requirements of 
the three theories, it will be seen that C most 
nearly fits all of the experimental facts. The 
present paper is a report upon some of the 
author's recent experiments which seem to bear 
further important evidence in favor of theory C, 
by proving that the crystal in its wet state 
actually contains water within its interior." 

It was reasoned that if theory C were correct, 
a piece of wet salt should show the presence of 
water throughout its volume, while if A or B were 
correct, the sample of salt should show water 
only upon its surfaces. By means of detecting the 
characteristic infrared absorption bands of water 
in the interior of such pieces of salt, this question 
was decided. 

In studying this absorption a rocksalt spec- 
trometer of the customary design was used with a 
Globar as a source. The radiation from this 
source, which was operated by a 110 volt battery, 
was brought to a focus by a concave mirror, 4), 
of 60 cm focal length used at its radius of curva- 
ture, allowed to diverge and then concentrated by 
a second concave mirror upon the first slit of the 
spectrometer. A piece of normal, dry salt was 
placed at the radius of curvature of .W,, and its 
transmission curve measured from 1.54 to 4.0u. 
Immediately afterwards (or preceding), with the 
salt removed, the energy curve, or transmission 


8F, Blank, Zeits. f. Physik 61, 727 (1930); U. Heine, 
Zeits. {. Physik 68, 591 (1931); K. H. Domerich, Zeits. f. 
Physik 80, 242 (1933); A. Smekal, Phys. Zeits. 31, 229 
(1930). 

*See reference 5. E. Schmid and O. Vaupel, Zeits. {. 
Physik 56, 308 (1929). 

1” K. H. Domerich, Zeits. f. Physik 80, 243 (1933); G. F. 
Sperling, Zeits. f. Physik 74, 476 (1932). 

1 See reference 7. Smekal and Quittner; E. Schmid and 
O. Vaupel, Zeits. f. Physik 63, 311 (1931). 

"U. Heine, Zeits. f. Physik 68, 591 (1931); A. Smekal, 
Phys. Zeits. 32, 187 (1931). 

‘SR. Bowling Barnes, Phys. Rev. 43, 82 (1933); Natur- 
wiss. 21, 193 (1933). Also A. Smekal, Phys. Rev. 43, 366 
(1933); Naturwiss. 21, 268 (1933). 
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curve of the atmosphere, was measured, and by 
dividing the respective ordinates of these two 
curves the percent transmission of the dry salt 
was obtained. The sample was then placed under 
water at room temperature until it became very 
plastic, i.e., until it could actually be bent with 
the fingers, removed from the water, and its ex- 
terior quickly dried. This drying was accom- 
plished by rubbing the crystal thoroughly with a 
cloth, and then exposing it to a blast of air. To 
insure further that the absorption found, if any, 
did not come from a surface layer of water, the 
two end surfaces were entirely removed by cleav- 
ing 1 or 2 mm off of each end of the crystal. The 
two surfaces through which the radiation had to 
pass were fresh cleavage surfaces in the dry and 
in the wet samples, and so in each case should 
have been strictly comparable. With the plastic 
crystal in this condition, its transmission was 
determined as described above. 

Comparison of the transmission curves* for 
dry and wet samples, Fig. 1, shows that the salt 
has definitely undergone distinct changes. The 
amount of absorption in the region where water 
is known to absorb has definitely increased, 
showing that water has entered the crystal. The 
curves shown are typical of almost every sample 
examined. 


DISCUSSION OF RESULTS 


Since the effect was so small, a great number of 
samples had to be examined in order to make sure 
that the increase of absorption had not arisen 
from some spurious source. The effect of the 
water vapor and CO, in the atmosphere had to 
be taken into account, and kept constant, the 
former absorbing at 2.66u and the latter at 2.7,. 

The method as described above consisted of 
mapping and comparing three energy distribu- 
tion curves, namely: curves through the atmos- 
phere, the dry sample and the wet piece of salt. 
Because of slight differences in the figure of the 
various cleavage surfaces and slight changes in 
the focus of the radiation caused by differences in 
the length and alignment of the samples, these 
three curves were not strictly comparable so far 


* As will be shown later, these curves were obtained in 
such manner as to make them purely relative. Hence the 
values greater than 100 percent. 
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Fic. 1. Transmission curves showing effect of water used in making the sample 
plastic. (a) 32 mm dry salt; (6) 23 mm wet salt. 


as the actual numerical values were concerned. 
To make them so, the ordinates of the dry and 
wet curves were each multiplied by a constant 
factor so as to bring them into coincidence with 
the respective air curves at some one wave-length. 
Since neither salt nor water has an absorption 
band very close to 4.0u, the curves were made to 
check at this point. It was by dividing the re- 
spective ordinates of the resulting three curves 
that the transmission curves discussed were ob- 
tained. 

One rather interesting fact is shown in all of 
the curves obtained regarding the transmission 
of the various pieces of dry salt. These each show 
quite definitely the presence of water bands, even 
though the salt had not yet been put into water.'* 
With respect to this absorption in the dry condi- 
tion, samples from Russia, Poland and Michigan 
behaved very differently. A sample of dry Michi- 
gan salt 43 mm long showed at 2.85y a trans- 
parency of only 60 percent. The same sample 
when cut-to 23 mm length showed 80 percent, and 


4 Robertson and Fox (Proc. Roy. Soc. A120, 133 (1918)) 
in their paper on infrared methods found absorption bands 
around 6.254. Concerning these they said “Water in or 
on rocksalt windows seems, therefore, the most likely cause 


of the bands.” 


when 12 mm long only 95 percent transmission. 
This absorption is surprising although when held 
up to a light the longest sample showed a very 
faint haziness, and so probably contained minute 
droplets of water. These samples were, however, 
quite brittle when dry, apparently because the 
water was localized and not uniformly distributed 
throughout the volume of the crystal. 

It is interesting to try to identify the five ab- 
sorption bands which appeared in this work. At- 
tention must first be called to the fact that the 
spectra of liquid water, water vapor and water of 
crystallization show marked differences. Further- 
more, granting that some water has actually 
worked its way through a system of cracks into 
the interior of the crystal, nothing definite can 
be said as to whether these molecules then exist as 
individuals, similar to water of crystallization or 
as droplets of liquid water. Accordingly, the 
identification remains somewhat uncertain and 
incomplete. Fig. 2 shows the locations of the five 
bands found in these experiments as compared 
with the known water bands, and those generally 
ascribed to the OH group. There is little doubt 
that the absorption found comes from water on 
the inside of the crystal, although some of the 
observed bands do not coincide exactly with any 
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Fic. 2. Comparison of water bands found in salt with 
known water bands. 


known water bands. Whether the shifts indi- 
cated in the figure by dotted lines are real and 
have any meaning cannot be said. 

If we assume that this water absorbs just the 
same as does liquid water an approximation can 
be made as to the amount of water which has 
entered the crystal. Aschkinass found for the so- 
called 34 band (2.97) an absorption coefficient 
equal to about 2500. Using this, in the relation 
that J= Joe **, we see that in order to produce 
the 15 percent drop in the transmission shown in 
Fig. 1, an equivalent thickness of 6.4 10-4 mm 
of liquid water is necessary. Assuming further 
that this was dispersed uniformly throughout the 
crystal, we see that in the 57 mm crystal the 
density of the water was roughly 10°° g/cc. Ac- 
cording to this, the sample used which was 5.7 
2.00.5 cm should have contained about 
5.7X10°° g of water. It is, therefore, not im- 
possible that if such a crystal be heated over a 
long period of time, at a temperature high enough 
to drive out this water, a difference in its 
weight before and afterwards could be detected.'® 
The above figure, 10~° g/cc, the author realizes is 
only a rough estimate of the upper limit for the 
amount of water in such a crystal. Too little is 
known about the condition of the water to allow 
any accurate calculation. 

It will be noticed also that the greatest in- 
creases in the absorption occur at the bands other 
than the 2.84 band. The absorption coefficient of 
liquid water at this band is about 2500, while at 
1.97 it is only 123. In the salt, however, the in- 


Schmid and Vaupel once showed that the density of 
salt was not changed by more than 0.2 percent by making 
it plastic. 


tensities of these bands are very much more 
nearly equal. Just why this condition holds can- 
not yet be said. 

Since dry salt showed definitely the presence of 
water absorption bands, it could only be hoped 
that upon making the samples plastic, some 
characteristic change in these bands would take 
place. Fig. 3 shows quite clearly that such a 
change always occurred, and that it was always 
an increase in the absorption when the salt was 
made plastic. A sample of Russian salt 65 mm 
long was measured while dry (curve a). Upon 
being made plastic, its absorption increased 
(curve b). After having dried out at room tem- 
perature for 24 hours, it became brittle and its 
absorption decreased to that shown in curve c. 
Again it was made plastic, and the absorption 
shown in curve d appeared. Finally the sample, 
then only 21 mm long, was dried in an oven at 
150°C for 24 hours. Curve e was then obtained. 
Similar cycles were repeated upon other samples 
with quite similar results. 

Control measurements were made which 
showed that the absorption which we have at- 
tributed to the presence of water is a volume 
effect, and not a spurious effect connected in 
some manner with the two end surfaces. A sample 
was measured dry, then made plastic and the in- 
crease in the amount of the absorption noted. 
It was then shown that if this sample were cut in 
half, this increase in the absorption would de- 
crease decidedly or that it was really a function 
of the length of the crystal. 

It is possible that in some cases part of the 
radiation in passing through the crystal may have 
suffered total internal reflection upon the sides 
of the crystal. It is improbable that this could 
have falsified the results; however, in order to test 
this, some of the wet crystals were dried in a 
blast of air, then immediately dipped into molten 
paraffin. The two ends were split off and the 
transmission determined as above. In no case 
was any difference detected which could have 
been caused by such total reflections. 

The above discussed results show only that the 
presence of water distributed throughout the 
volume of the crystal goes hand in hand with the 
plasticity of rocksalt. Whether the penetration of 
the solvent into the salt is either necessary or 
sufficient to make it plastic is not known. That, 
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Fic. 3. Showing that water in the interior of a salt crystal always accompan- 
ies plasticity. All curves on same sample. (a) 65 mm dry—brittle; (6) 57 mm 
wet—plastic; (c) 55 mm dried—brittle; (d) 21 mm wet—plastic; (e) 21 mm 


dry—brittle. 


in the case of water at least, it does penetrate is 
certain, but whether this is also the case when 
ethyl-alcohol or fuming sulphuric acid is used 
remains to be seen. 

As we mentioned before it has often been 
shown that there exist no perfect ideal crystals 
such as the ones postulated by Born in making 


his calculations. Smekal and Zwicky have each 
proposed theories of the structure of real crystals 
showing their deviations from such ideal crystals. 
In all probability the water molecules in the ex- 
periments described above penetrated the crys- 
tals by going into these imperfect regions what- 
ever their nature may have been. 
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The Raman Effect in Ammonia and Some Other Gases 


CHARLTON M. Lewis AND WILLIAM V. Houston, California Institute of Technology 
(Received August 30, 1933) 


The Raman rotation spectra of polyatomic molecules can 
be interpreted in terms of the polarizabilities of the 
molecule, without explicit knowledge of the electronic 
states. This point of view makes possible the calculation 
of the relative intensities of all rotation lines to be expected. 
The spectrum of gaseous ammonia shows the calculated 
intensity relations when a suitable shape is assumed for the 
molecule. The measurements are good enough to exclude 
the possibility of the case with three equal moments of 
inertia, and tend to support the flat pyramid inferred from 


infrared data. The larger moment of inertia is 2.79-10~* 
g cn, Methane shows no pure rotation band in spite of the 
presence of a vibration-rotation band. Ethane shows a 
rotation band which has not been resolved and an apparent 
vibration-rotation band which has not been interpreted. 
Ethylene gives a pure rotation band which indicates a 
moment of inertia of about 30.0-10~* g cm*, while acety- 
lene shows a moment of inertia of 23.52-10~* g cm* with 
alternating intensities as in hydrogen. 


HE first experimental results on the Raman 
effect were understood theoretically with 
the help of the ‘“‘double jump”’ picture of the scat- 
tering process which results from the Kramers- 
Heisenberg dispersion formula. This is character- 
ized by the presence of an “intermediate state” 
in the transitions involved, and by a summation 
over all possible intermediate states. Since these 
are in general excited electronic states, the 
properties of the Raman spectra are connected 
by the “double jump”’ picture, not so much with 
those of the infrared, as with those of the 
electronic band spectra. For diatomic molecules, 
for which the band spectra are in many cases 
thoroughly understood, this was relatively satis- 
factory. But for polyatomic molecules the de- 
pendence upon the electronic states sharply 
limited the usefulness of the theory. 

The problem of removing the necessity of 
knowing the electronic states of the molecule is 
primarily that of recognizing the difference in 
the roles which the electronic and the nuclear 
motions play in the scattering process. This 
difference may be considered to result analyti- 
cally from those properties which fundamentally 
distinguish the molecular problem from the 
atomic one. These are the approximate separa- 
bility of the functions into electronic, vibrational, 
and rotational factors, and the difference in the 
order of magnitude of the energies associated 
with the three corresponding types of motion. 


Were the functions completely separable, rota- 
tional and vibrational transitions in the Raman 
effect would probably be unknown, since their 
intensities would be several orders of magnitude 
smaller than they are.' Were they not approxi- 
mately separable, no such classification of the 
observed lines would be possible. 

Manneback? has shown, for the case of di- 
atomic molecules, that an application of just 
these characteristics of the molecular problem 
to the dispersion formula makes it possible, in 
sufficient approximation, to carry out the sum- 
mation over the intermediate states. The sum- 
mation over the excited electronic states is the 
same for all vibrational or rotational Raman 
transitions, and accordingly need not be explic- 
itly evaluated, while the sum over the nuclear 
states can be carried out. This sum over the 
electronic states is proportional to the electronic 
polarizability of the molecule when the nuclei 
are held fixed. The dispersion formula, w:th all 
its paraphernalia of intermediate excited states 
is reduced in this way to simple matrix elements 


‘This has been clearly pointed out by Placzek. Cf. 
especially Leipziger Vortrage, p. 71, 1931. 

Muskat has considered the case of complete separability 
in treating the rotational transitions of a rigid molecule 
equipped with an electric moment. Phys. Rev. 35, 1262 
(1930). This gives the nuclear scattering, which is very 
small indeed. 

?C. Manneback, Zeits. f. Physik 62, 224 (1930); 65, 
574 (1930). Cf. also p. 238 of Placzek and Teller.‘ 
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of the polarizability of the “rigid’’ molecule, 
which do not involve the electronic functions 
explicitly and can be calculated with only the 
nuclear functions of the initial and final states 
of the molecule. 

It was implied by Manneback, and it has been 
remarked by other writers, that a_ similar 
reduction of the dispersion formula could not be 
carried out for polyatomic molecules, due to the 
lack of sufficient information with regard to their 
electronic functions. This, however, is not the 
case, since no knowledge whatever is required of 
these functions beyond the fact that they can be 
separated from the nuclear functions and that 
their energies are of a different order of magni- 
tude from those of the nuclear motions. These 
two properties have been shown by Born and 
Oppenheimer*® to follow directly, to the degree 
of approximation employed by Manneback, from 
a solution of the molecular problem in which all 
quantities, Hamiltonian function, wave func- 
tions, and term values, are expanded in powers 
of the small quantity (m/M)!, where m is the 
electronic mass and M is the nuclear mass. 

Placzek has recently developed, rather com- 
pletely, a method of attacking the problem 
which leads to the same expressions for the 
intensities that one obtains by Manneback’s 
method from the dispersion formula.!’ The 
process is not fundamentally different from that 
by which Kramers and Heisenberg reached the 
dispersion formula, but a simplification equiva- 
lent to that described above is introduced at the 
very start. The electric moment responsible for 
the scattered light is written as the electric field 
strength of the incident light multiplied by the 
electronic polarizability. The intensity of the 
light scattered in conjunction with a given 
transition of the molecule is then proportional 
to the square of the corresponding matrix 
element of the electric moment. Since the polar- 
izability is taken to be independent of the 
positions of the individual electrons, the elec- 
tronic functions do not appear in the expressions 


*M. Born and J. R. Oppenheimer, Ann. d. Physik 84, 
457 (1927). 

*G. Placzek, Zeits. f. Physik 70, 84 (1931); Leipziger 
Vortrage, p. 71, 1931. 

G. Placzek and E. Teller, Zeits. f. Physik 81, 209 (1933). 
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for the computation of these matrix elements, 
It is the inclusion of the high frequency de- 
pendence of the electric moment upon the 
electronic coordinates that gives rise to the 
complications of the rigorous theory. The polar- 
izability does, however, vary with the vibrations 
of the nuclei, since the electronic binding depends 
upon the internuclear distances. It also varies 
with the rotational motion, since the components 
of the polarizability relative to fixed axes depend 
upon the orientation of the molecule in space. 
The nuclear functions are therefore involved in 
the calculation of the polarizability matrix, and 
certain transitions between nuclear states will 
be accompanied by scattering of radiation. 

The selection rules follow analytically from 
the expressions for the matrix elements, or they 
may be obtained by applying the correspondence 
principle to the “polarizability picture” of the 
scattering process. Thus, in a diatomic molecule 
in a X state, the total angular momentum, which 
is measured by the quantum number J, is 
perpendicular to the molecular axis. Since the 
tensor of polarizability is always a symmetrical 
tensor, the variation of each component of the 
electric moment will complete two cycles for each 
rotation of the molecule. By the correspondence 
principle this limits the changes of J to +2 or 0. 
In a diatomic molecule which is not in a © state, 
or in a molecule of the symmetrical top type in 
which K#0, so that the angular momentum 
about the figure axis does not vanish, the total 
angular momentum is not perpendicular to this 
axis, but becomes more and more nearly parallel 
to it as K approaches J. In this case a rotation 
of the molecule through 180° about the axis of 
J puts it in such a position that its polarizability 
along the fixed Z axis is in general different from 
its initial value. This implies that the quantum 
number J can change by +1 also. The exception 
to this case arises when the total angular 
momentum is perpendicular to the Z axis, in 
which case only changes of +2 occur with the 
scattering of light polarized parallel to Z. The 
component of J along the Z axis is measured by 
the quantum number MM, and so it is to be 
expected that M as well as K should occur as a 
factor in the expression for the intensity of the 
lines polarized in the Z direction with AJ = +1. 
In a similar way, the other features of the 
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selection rules and the intensity expressions can 
be visualized in terms of the motion of the 
molecule, with the usual difficulties which arise 
because the initial and the final states have 
different motions. 

In many cases the tensor of polarizability will 
have the same principal axes and much the same 
symmetry as the tensor of inertia. This is 
especially true in molecules of the symmetrical 
top type. In case the two principal values of the 
polarizability along the two axes perpendicular 
to the axis of symmetry are the same, changes 
in K will not occur in the Raman spectrum. 
If, however, these two values are different, 
changes in K may occur. 

From considerations of this kind, much infor- 
mation can be obtained from the Raman spec- 
trum concerning the shape of the molecule. We 
have studied the spectrum of a number of gases, 
with particular attention to the rotation spectra, 
to check these rules and to use them in the 
interpretation. In the study of ammonia we 
have measured the intensity of the lines; in the 
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other cases only the positions have been meas- 
ured carefully. 


MATRIX ELEMENTS FOR A SYMMETRICAL Top 


We have evaluated the matrix elements men- 
tioned above for the symmetrical top type of 
molecule, and have obtained expressions for the 
intensities of the lines in a rotation band. These 
are identical with those recently published by 
Placzek and Teller, to whose extensive treat- 
ment we shall refer for all details. The assump- 
tion is made that the molecule has not only two 
of its principal moments of inertia equal, but 
that the two corresponding principal values of 
the polarizability are equal and that the principal 
axes of the tensors of inertia and of polarizability 
coincide. The results which we shall use are 
repeated here for convenience in a simplified 
form. 

In Eqs. (1) are given the squares of the matrix 
elements of the polarizability averaged over all 
the values of M for a given J, K, and AJ. In 
all cases AK =0. 


4 10 (J+1)(J+2)(2J+1)(2J+4+3) 
1 
JoJI+1; Py = Py — (1b) 
4 J(J+1)(J+2)(2J+1) 
{J(J+1)—3K?}? 
Pk=Py=—7 (1c) 


15 J(J+1)(2J—1)(2J+3) | 


4_ 
PY, 


The incident light is plane polarized with the 
electric vector in the Z direction, while the 
subscripts denote the direction of the electric 
vector of the scattered light. 

The quantities « and y involve the principal 
values of the tensor of polarizability in the form 


Y = B= Ary Ayy- 


When dealing with vibration rotation spectra, 
the polarizabilities a are replaced by the deriva- 
tives of the same quantities with respect to the 
normal coordinate involved in the vibration in 


question. This difference between the pure rota- 
tion and the vibration rotation spectra leads to 
some interesting results which are described in 
detail by Placzek and Teller. 

The matrix expressions for transitions between 
two given states have the same value whether J 
increases or decreases. However, since these 
quantities are customarily expressed in terms 
of the quantum numbers of the initial state, it 
is necessary in the case of decreasing J to replace 
J in (1) by (J—1) or (J—2). 


To determine the intensity of a line due to a 
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transition between the level (J, K) and the level 
(J+AJ, K), the suitable expression from (1) 
must be multiplied by the fourth power of the 
frequency of the scattered line and by the 
number of molecules in the initial state. This is 
given by 

Ny, K=2y. ce (2) 


where o=h?/8r°AkRT and =80=(A/C—1)o. 
Since the quantum number K does not change, 
the lines due to jumps from one value of J but 
from different values of K will coincide in posi- 
tion, as long as the energy is correctly given by 
the expression for the energy of a rigid molecule. 
To get the total intensity it is then necessary to 
sum the intensity expression over all of the 
values of K from —J to J. If o’ is very small, 
this is simple, but if o’ is large enough to be 
considered, the summation is rather tedious. 
The quantities C and A are the moments of 
inertia about the axis of symmetry and an axis 
perpendicular to it. The quantum weight of the 
initial state, gy, x, contains the factor (2/+1) 
due to the degeneracy in M, and also depends 
upon the symmetry properties of the rotational 
functions if there are identical nuclei in the 
molecule. This fact is of importance in treating 
the spectrum of ammonia. 


THE RAMAN SPECTRUM OF AMMONIA 


The general features of the rotational Raman 
spectrum of gaseous ammonia have already been 
discussed by Amaldi and Placzek,® and have 
been found to agree with the theoretical ex- 
pectations. We have made a careful experimental 
determination of the relative intensities of the 
rotation lines, and have compared them with 
calculations based upon three different assump- 
tions as to the shape of the molecule. These 
assumptions are: that the molecule is plane, that 
all three moments of inertia are the same, and 
that the case is intermediate between these two, 
as has been derived by Dennison and Uhlenbeck,*® 
and by Rosen and Morse,’ from an analysis of 


SE, Amaldi and G. Placzek, Zeits. f. Physik 81, 259 
(1933). 

*D. M. Dennison and G, E. Uhlenbeck, Phys. Rev. 41, 
313 (1932). 

7 N. Rosen and P. M. Morse, Phys. Rev. 42, 210 (1932) 
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the splitting of the vibrational levels. As might 
be expected, the agreement is the best for this 
intermediate case, and the spherical model can 
be definitely excluded. 

The apparatus was essentially that used in 
the investigation of CO, and has been described 
previously.* The source of light was a water- 
cooled quartz mercury arc, and only the scatter- 
ing due to \2537 was used. The arc was cleaned 
after every two or three exposures to keep the 
intensity a maximum. The unshifted line was 
largely absorbed by mercury vapor from a dish 
of mercury inside the Hilger E1 spectrograph. 
The ammonia was taken from a commercial 
cylinder, and was used without purification, 
other than drying, at pressures between 75 and 
100 pounds per square inch. The exposures 
varied from 40 to 90 hours with a slit width of 
about 0.08 mm. Some improvement has been 
made in that the quartz tube which contains 
the gas is no longer held by means of sealing 
wax, but by means of gasket material squeezed 
against the tube by the same scheme that is 
used in valve stem stuffing boxes. This facilitates 
the removal of the tube and can be used at 
temperatures at which the wax would melt. 

To measure the intensities each plate was 
calibrated by means of density marks. These 
were obtained by placing a step-weakener over 
the slit of the spectrograph and photographing 
the spectrum of the mercury arc. To get uniform 
illumination of the slit and an exposure time not 
too different from that of the Raman exposures, 
the light from the arc was diffusely scattered, 
by means of a piece of white paper, into the slit. 
The exposures were then about 2 to 4 hours. 
The weakener was made by evaporating gold 
onto a quartz disk. It was calibrated by photo- 
graphic comparison with a similar weakener, 
kindly loaned by Dr. D. S. Hughes. This he had 
calibrated with a sensitive thermocouple for the 
line 2537. From the density marks a density- 
intensity curve was plotted in the usual way. 

The microphotometer used was designed by 
Dr. Theodore Dunham, Jr., at the Mt. Wilson 
Observatory, and we are deeply indebted to him 
for the privilege of using it. The scale of this 


8 W. V. Houston and C. M. Lewis. Proc. Nat. Acad. 17, 
229 (1931). 
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Fic. 2. Observed and computed intensities in the pure rotation spectrum of gaseous ammonia. The different com- 
puted values refer to different relative values for the moments ot inertia. They have been adjusted to agree for 


J=4, AJ=2. 


instrument is so nearly linear that it is possible 
to use different amounts of deflection for the 
Raman spectrum and the intensity marks, so as 
to magnify as much as possible the detail in the 
Raman spectrum. 

Fig. 1 shows a microphotometer curve of the 
rotation band. In this particular plate the back- 
ground is so clear, except near the exciting line, 
that the corresponding density falls upon the 
extreme tail of the characteristic curve; the 
variation in the background can therefore not 
be determined accurately. Results from two 
plates in which this condition was just avoided, 


and from three in which the background reached 
to the straight part of the intensity-density 
curve, have been averaged to give the results 
plotted in Fig. 2. Each set of values was adjusted 
by means of a constant multiplier to bring them 
all into the best general agreement. The straight 
lines extending above and below the observed 
intensities represent the mean deviation of the 
individual measurements from the average and 
hence give some idea of the consistency of the 
results. The principal uncertainty probably arises 
from the difficulty in properly locating the 
background on the microphotometer curves. 


Fic. 1. Microphotometer curve of the pure rotation spectrum of ammonia. 
12 769001 
| 
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TABLE I. Constants fer the ammonia molecule, 


Model Plane Intermediate Spherical 
AX 10* g cm? 2.79 2.79 2.79 
CX 10" g cm? 5.58 4.41 2.79 
dX 108 cm 0.0 0.380 0.584 
N—HX108 cm 1.06 1.01 0.95 
H—HX10° cm 1.84 1.63 1.30 


Table I gives the constants used in calculating 
the values plotted in Fig. 2. The variation of the 
moments of inertia does not change the transition 
probabilities, but alters the spectrum by affecting 
the relative populations of the initial states. 
This effect is given by the exponential factor in 
(2). When all three moments of inertia are the 
same, o’=0 so that all values of K have the 
same weight. As the model becomes more nearly 
plane, C approaches 2A and o’ is negative. In 
this case the terms with large values of K have 
a large weight. This favoring of the large values 
of K, and hence of the large values of J since 
K<J, is largely counteracted in the cases of the 
O and S branches (AJ= +2) by the fact that 
the transition probability decreases rapidly with 
increasing K. For the P and R branches (AJ 
= +1) the transition probability increases with 
increasing K and so these branches are sensitive 
to the model assumed. This behavior is well 
illustrated by the three cases plotted in Fig. 1. 

In computing the J exponentials account was 
taken of the dependence of the moment of 
inertia upon J. The constants were taken from 
the frequency measurements described below. 
The dependence of C upon J and of both A and 
C upon K has been neglected, since it is not 
known, and would probably have only a small 
effect.. The temperature was measured by the 
thermometer close to the tube containing the 
gas. It varied slightly from one exposure to 
another, but was taken as 46°C in the calcula- 
tions. The factor v* has been included and makes 
a difference of about 10 percent from one end 
to the other. When the symmetry properties of 
the rotational wave functions are considered, 
the presence of the three identical hydrogen 
nuclei with spins of 1/2, doubles the quantum 
weight of those states for whch K is a multiple 
of 3 (including zero).* Because of the sums over 


*D. M. Dennisor, Rev. Mod. Phys. 3, 280 (1931). 
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K this is of importance only for low values of J, 
in contrast to the situation in O. and Ne where 
the symmetry affects the weight as a function of 
J directly. It is quite necessary, however, to 
take account of this fact to get the agreement 
indicated in the figure. 

The observed rotational frequency shifts for 
ammonia are given in Table II. They are 


TABLE II. Frequency shifts of the ammonia rotation lines, 


Calculated 


Observed 
shift shift Difference 
AJ=+2 
0 59.82 59.48 —0.34 
1 99.17 99.13 — .04 
2 138.62 138.69 + 07 
3 178.25 178.21 — .04 
4 217.50 217.53 + .03 
5 256.92 256.76 — .16 
6 295.9 295.82 — .l 
7 334.5 334.66 + .2 
8 372.5* 373.37 + .9* 
9 411.9 411.84 — 
10 449.9 449.96 + .1 
11 486.2 485.84 — 4 
AJ=+1 

1 39.67 39.66 —0.01 
3 79.48 79.29 — .19 
5 119.25 118.59 — .66 
7 158.38 157.66 — .72 
9 197.38 196.32 —1.06 
11 236.5 234.38 —2.1 


*A weak mercury line renders this value rather un- 
certain. 


averages of the Stokes and the anti-Stokes lines 
measured relative to iron standards on the two 
best plates. The calculated frequencies are ob- 
tained from the following formula for the 
rotational energy levels: 

E/he = Bo J(J+1)+Bo8K?+ B,J*(J+1)*, (3) 
where By=h/8x°cA. The second term in (3) 
does not affect the Raman lines since K does 
not change. The third term takes account of the 
increase in the moment of inertia, A, when J 
increases. The values used for the constants are 
By=9.92 and B,=0.00052. These lead to the 
value A =2.79X10-* g cm? for the moment of 
inertia in the ground state. 

According to (3) the P and Q branches should 
show slightly more convergence than they do, 
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and for large J they should not coincide as well 
with the lines of the O and S branches as they 
appear to do. The constants selected, however, 
give a very good representation of the O and S 
branches themselves. The resulting constants are 
remarkably close to those obtained by Dickinson, 
Dillon and Rasetti'® from the measurement of 
only ten lines, since they did not observe the 
P and R branches. They obtained By =9.921 and 
B,=0.00063. Amaldi and Placzek® give con- 
sistently higher values for the rotational fre- 
quencies, but without discussing them in any 
detail. 


TABLE IIL. Ammonia vibration lines. 


Dickinson, 


Amaldi Dillon and 
Observed and Rasetti D.andR. 
Intensity shift Placzek (gas) (liquid) 
3 934.2 933.8 
4 964.3 964.3 
2 3219.1 3214.5 
10 3334.1 3334.2 


3298.4 


Table III gives the observed shifts of the 
vibration lines. Three of these shifts are in good 
agreement with those of Amaldi and Placzek; 
the significance of these lines and their inter- 
esting relation to the infrared spectrum have 
been adequately discussed by these authors 
and by Dennison and Hardy." The rotational 
branches reported by Langseth" on each side of 
his strong line at 3312 cm™', the counterpart for 
solutions of 3334 in the gas, do not appear on 
our plates, although it appears from his repro- 
duction that our Q branch is nearly as strong 
as his. We find a fourth line at 3219.1 em'', 
which is slightly weaker and somewhat broader 
than those at 934 and 964 cm''. It appears to 
be the fundamental of the fourth normal mode 
of vibration of the molecule, which has not 
previously been observed in the gas. This is the 
unsymmetrical vibration in which the nitrogen 
atom takes only a small part. It should appear 
faintly in the Raman effect and may be expected 
to yield about this frequency. 


”R. G. Dickinson, R. T. Dillon and F. Rasetti, Phys. 
Rev. 34, 582 (1929). 

"DM. Dennison and J. D. Hardy, Phys. Rev. 39, 938 
(1932), 

A. Langseth, Zeits. f. Physik 77, 60 (1932) 
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\MIETHANE 


The results with methane confirm the work of 
Dickinson, Dillon and Rasetti with regard to 
the vibration rotation band around 3022 cm. 
On account of the spherical symmetry of methane 
in the ground state there should be no pure 
rotation band at all. To check this point we 
have obtained plates after 100 hours exposure 
on which the vibration rotation lines are very 
clear, and on which the background is very weak 
to within 50 cm™ of the exciting line. We would 
estimate that the pure rotation lines are certainly 
less than 1/25 as strong as the rotation vibration 
lines. Because of the large difference in intensity 
between the unshifted line, and the Q branch of 
the vibration band, this means that the pure 
rotation spectrum is practically absent. 


ETHANE 


Ethane shows a pure rotation band, which, 
however, it has not been possible to resolve. 
This is disappointing, since the lines might be 
expected to show a separation similar to that of 
CO,. The vibration spectrum includes three 
lines, 993.0 (3), 2899.2 (6), and 2955.1 (7), which 
evidently correspond to 990, 2890, and 2950 
obtained by Daure™ from the liquid, and agree 
well with Bhagavantam’s" values for the gas. 
A very weak line at 1344 cm~ may possibly be 
related to Daure’s 1460. Three other lines of low 
intensity may well be connected with some of the 
numerous unsymmetrical vibrations of ethane 
which are due principally to the stretching of the 
C—H bonds. These are 2743.7 (2), 2778. (0), 
and 2939.5 cm™ (1). 

In this region we have observed also a series 
of weak lines which can be organized into 
rotational branches around three of the vibration 
lines. Of these, the most certain are the Stokes 
lines associated with 2955.1. These give shifts of 
14.4, 23.9, 34.4, 44.3, and 53.7 cm™'. These lines 
are too widely spaced to be readily explained as 
due to changes in J. If one assumes that the 
vibration is such as to permit changes in K, the 
spacing of the lines gives a possible moment of 
inertia if AK =+2. However, this assumption 
does not seem to fit the position of the first line. 


' P. Daure, Ann. de Physique 12, 375 (1929). 
"S. Bhagavantam, Indian J. Phys. 6, 595 (1931). 
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ETHYLENE 
The pure rotation band of ethylene shows a 
structure with an apparent tendency of the lines 
to draw together in pairs. This tendency is much 
more obvious in the microphotometer curves 
than in the measurements of the shifts, which 
are given in Table IV. All of the lines can be 


TABLE IV. Frequency shifts of the ethvlene rotation lines. 


B=0.920, AJ=+2, A=30.0-10°” 
Observed Calculated 
shift shift Difference 
1 10.5 9.20 cm"! —1.3cm™ 
2 12.8 12.88 0.1 
3 16.0 16.56 0.6 
4 19.7 20.24 0.5 
5 23.2 23.92 0.7 
6 27.3 27.60 0.3 
7 31.5 31.28 —0.2 
8 35.1 34.96 —0.1 
9 38.8 38.64 —0.2 
10 42.5 42.32 —0.2 
11 45.9 46.00 0.1 
12 49.65 49.68 0.0 
13 53.3 53.36 0.1 
14 56.9 57.04 0.1 
15 59.9 60.72 0.8 
16 64.1 64.40 0.3 
17 68.9 68.08 —0.8 
18 72.5 71.76 —0.7 
19 76.2 75.44 —0.8 
20 79.3 79.12 —0.2 


fitted to a formula with AJ=+2, B=0.920. 
This gives A =30.0-10°* which is somewhat 
larger than the value 28.85-10>*° given by Scheib 
and Lueg'® from their analysis of a near infrared 
band. 

Since the ethylene molecule is not far from a 
symmetrical top its spectrum should be similar 
in structure to that of ammonia. Presumably 
the lines which are resolved correspond to the 
strong lines for which AJ = +2, while the lines 
for which AJ=+1 merely contribute to the 
general background. This apparent pairing of 
the lines can perhaps be attributed to the lack 
of exact coincidence of the lines for different 
values of K. 


18 W. Scheib and P. Lueg, Zeits. f. Physik 81, 764 (1933). 
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ACETYLENE 


From 37 lines in the pure rotation band of 
acetylene we obtain A = 23.52-10° *, in excellent 
agreement with the value of 23.509 found by 
Hedfield and Mecke'® from the near infrared. 
The alternating intensities appear in the same 
way as in He where the odd values of J have 
three times the weight of the even values. The 
observed values given in Table V are means of 


TABLE V. Frequency shifts of the acetylene rotation lines, 
Bo=1.176, AJ=+2, A=23.52-10° 


Observed 


Calculated 
J shift shift Difference 
0 — 7.06 
1 11.6 11.76 0.2 
2 15.75 16.46 0.7 
3 21.3 21.17 —0.1 
4 26.4 25.87 —0.5 
5 31.0 30.58 —0.4 
6 35.6 35.28 —0.3 
7 40.15 39.98 —0.2 
8 44.6 44.69 0.1 
9 49.65 49.39 —0.2 
10 54.05 54.10 0.1 
11 58.9 58.80 —0.1 
12 63.6 63.50 —0.1 
13 68.2 68.21 0.0 
14 73.2 72.91 —0.3 
15 77.6 77.62 0.0 
16 83.1 82.32 —0.8 
17 86.8 87.02 0.2 
18 91.7 91.73 0.0 
19 96.4 96.43 0.0 
20 100.4 101.14 0.7 
21 105.5 105.84 0.3 
22 — 110.54 
23 115 


6 115.25 —0.4 


the Stokes and the anti-Stokes lines. We observe 
a vibration line at 1967.4 cm™', which is some- 
what lower than the values obtained by others 
in the gas, but still higher than that obtained in 
the liquid. The weaker line at 3372 cm! we 
have not observed. 


”K. Hedfield and R. Mecke, Zeits. f. Physik 64, 151 
(1930). 
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Rotational Structure of the Raman Band (0000) >(020+2) in Linear Symmetrical 
Molecules YX, 


J. Rup Nievsen, University of Oklahoma 
(Received September 7, 1933) 


In connection with an attempt made by A. Langseth and 
the writer to interpret two faint lines in the Raman 
spectrum of carbon dioxide, the intensities have been 
calculated of the rotational lines associated with the 


transition (0000)—+(020+2) in linear symmetrical mole- 
cules X-)-X. The results agree with the more general 
formulas recently obtained by Placzek and Teller by a 
formally different method. 


LANGSETH and the writer! observed six 
® very faint lines, not formerly known, in the 
Raman spectrum of gaseous carbon dioxide. 
Since it seemed impossible to interpret these 
lines as Q-branches,’ it was suggested that they 
might represent maxima of rotational branches, 
and a tentative interpretation of the lines was 
given. In particular, the Raman lines 1325 cm"! 
and 1344 cm~! were assumed to be maxima of 
P- and R-branches associated with the transition 
from the normal state of the molecule, V,=0, 
V2=0, V3=0, 1/=0, to the excited vibrational 
state, V;=0, V2=2, V3;=0,/= +2, the integers 
Vi, Ve, Vs, and /, being the quantum numbers 
introduced by Dennison.’ While the interpreta- 
tion of the other lines presents no serious 
difficulty, such difficulty exists with regard to 
these two lines, since no indication was obtained 
of the presence of a Q-branch corresponding to 
the transition mentioned. 

With the view of clearing up this point, the 
writer calculated, in the fall of 1932, the in- 
tensities of the rotational Raman lites associated 
with the transition (0000)—(020+42) in linear 
symmetrical molecules X-Y-X. A short time 
before the completion of these calculations, 


"A. Langseth and J. Rud Nielsen, Zeits. f. physik. 
Chemie B19, 427 (1932). 

? A. Adel and D. M. Dennison have recently (Phys. Rev. 
43, 716 (1933)) evaluated the vibrational levels of COs», 
taking second order perturbations into account. They find 
that the two weakest Raman lines, 1241 cm™! and 1433 
cm~', may be interpreted as (-branches, but they are 
unable to find transitions corresponding to the other four 
frequencies. 

*D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 


Dr. G. Placzek, upon coming to Copenhagen, 
kindly informed me that he and E. Teller had 
just worked out a general theory for the rota- 
tional structure of Raman bands of polyatomic 
molecules. Indeed, the results obtained for the 
special type of molecule considered may readily 
be derived from the general formulas of Placzek 
and Teller.‘ Moreover, the mathematical method 
used by these authors is considerably less 
cumbersome than the straightforward wave- 
mechanical method employed by the writer. For 
these reasons, only the results will be stated here. 
A brief account of the calculations is given 
below in a Mathematical Appendix. 

The relative intensities found for the various 
possible transitions J’ are listed in Table I. 


| 
Transition Intensity 
J—~J—2 (J+1)(J+2)/4(2J —1) X Boltzmann factor 
(J+2)/2 
J—J 3(J —1)(J4+2)(2J+1)/2(2J —1)(2J4+3) 
(J+3)/2 
J—~J+2 


(J+3)(J+4)/4(2J+3) 


In Fig. 1 are plotted the calculated intensities, 
the values chosen for the Boltzmann factor, 
exp | —(hBc/kT)(J+})*], being those holding 
for carbon dioxide at 50°C. Table I shows that 
a Q-branch should occur. Without a knowledge 
of the coupling between rotation and vibration, 
it is not possible to compare accurately the 
intensity maximum in the unresolved Q-branch 


*G. Placzek and E. Teller, Zeits. f. Physik 81, 209 
(1933). 
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Fic. 1. Relative intensities of the individual rotational lines in the Raman band 
(0000)—>(020 + 2) in linear symmetrical molecules VX». 


with those of the rotational branches. However, red data of Martin and Barker,’ and the inter- 
it is practically certain that the Q-branch should — pretation of these lines, given by Langseth and 
be considerably more conspicuous on the plates the writer, must undoubtedly be modified. We 
than the rotational branches. Hence, it is hope to discuss the problem presented by these 
probably accidental that the positions of the lines on a later occasion. 

faint CO-Raman lines considered coincide rather This work — done at the Institute of 
well with the positions of the maxima of the Theoretical Physics of the University of Copen- 


; é hagen. The writer wishes to express his gratitude 
rotational branches, as computed from the infra- 8 P e 
to Professor N. Bohr. 


MATHEMATICAL APPENDIX 


Polarizability tensor 
The calculation is based on Placzek’s polarizability theory.* Let the components of the polariza- 
bility tensor be in a Cartesian coordinate system rotating with the molecule and 


Grr, Ory, ***, @:z in a fixed coordinate system. Taking the ¢-axis to coincide with the molecular axis, 
we assume that the polarizability tensor of a linear symmetrical molecule X—- Y—X, the Y-nucleus 
of which is displaced slightly in the direction of the £-axis, is a symmetrical tensor with the following 
nonvanishing components 


A +a, = A +h, ay =C+c, (1) 


a, b and ¢ being small quantities which are even functions of the displacement of the Y-nucleus 
and vanish when this displacement is zero. 

If the incident light is polarized in the direction of the x-axis and moves parallel to the y-axis, 
and if it is desired to consider the light scattered in the direction of the z-axis, then the a,, and a,, 
components of the polarizability tensor are required. Omitting terms which do not contribute to 
the Raman transition considered, we find 


cos (2V+2) + 27(1—2) cos 26+ F cos — 2) ]+--- 
= }(a—b)[ (1-2)? sin +26) +2 sin (2Y—2¢) ]+--- 


(2) 


*P, E. Martin and E. F. Barker, Phys. Rev. 41, 291 ®°(;. Placzek, Zeits. f. Physik 70, 84 (1931); Leipziger 
(1932). Vortriige, 1931, p. 71. 
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where 0, ¥ and ¢, are the Eulerian angles (@=angle between z- and ¢-axes), and ¢ an abbreviation 
for }(1—cos @). 


Wave functions for initial and final states 

In selecting the proper linear combinations of the wave functions given by Dennison,’ we are 
guided by the requirement that all actually occurring states must belong to the same symmetry 
class with respect to the transformation 6>2—@, yoy¥+7, ¢>2— ¢, which effects an interchange 
of the two X-atoms. Since the infrared spectrum teaches us® that only such states occur in the 
carbon dioxide molecule which are symmetrical with regard to an interchange of the oxygen nuclei, 
only this sort of symmetry will be considered. 

If we define 


Uru =Kyut(1—)" F(—p, 14¢d+s+p, 14d; (3) 


where 


d=|I-M|, s=|I+M|, p=J—}(d+s), 


= (4) 
2rp!d! 2 


and where F denotes a Jacobian polynomial, the wave functions for the initial, or (0000) —, states 
may be written as 


0 
R”(p) (5) 


while the wave functions for the final, or (020+2)—, states will be 


R®(p)+ (1/28) Up). (6) 


The factors associated with the two longitudinal vibrations have been omitted. R®(p) and R*(p) 
are the functions of the transverse displacement introduced by Dennison.’ J’ takes on only even 
values, J’’=0, 2, 4, ---, while 1/’”’ may have any one of the 2J’’+1 values, MW” =—J", —J"” +1, 
J” —1, J’. J’ may be either even or odd, while takes on the values M’=—J’, —J'+1, 
-++, J’—1, J’. The plus sign must be taken in (6) when J’ is even and |./’| +1, or when J’ is odd 
and | \/’ =1; otherwise the minus sign must be taken. 


Computation of matrix elements 

All the matrix elements of a,, and a,, which correspond to the transitions considered contain the 
factor Jo? R”(p)(a —b) R®(p)dp, and, hence, the intensity of the Raman band (0000)—(020+ 2) will 
be proportional to the square of this quantity. The matrix elements further contain integrals with 
respect to ¢ which are evaluated by repeated application of formulas found in a paper by Rademacher 
and Reiche.* 


Summations with respect to M’ and M” 

The relative intensity of any given rotational line is now computed by squaring and adding all 
the matrix elements of a,, and a,, associated with the given pair of values of J’ and J’’. When the 
summations with respect to W’ and /” are carried out with the help of well-known algebraic 
formulas, the results listed in Table I are obtained. 


7 Dennison, Rev. Mod. Phys. 3, 334 (1931). ® Rademacher and Reiche, Zeits. f. Physik 41, 453 
* Reference 3, p. 294. (1926). The formulas used are (21) on p. 461, and (22), (23), 
(24), and (25) on p. 462. 
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Further Analysis of the N.* Bands 


ALLAN E, PARKER, Sloane Physics Laboratory, Yale University 
(Received September 15, 1933) 


The Av=3 sequence of the 2X —? N.* bands has been 
photographed in the second and third orders of a 21 foot 
grating. Rotational analyses have been made of the 
(4,7), (5,8), (6,9) and (7,10) bands. The B values obtained 
fit the expressions previously given for B,’ and B,”’ quite 


well. The perturbation in the (5,8) band has been in- 
vestigated. The present data on the perturbing *II state are 
discussed. Additional measurements in the (13,15) band 
are also given. 


INTRODUCTION 


HE upper *>> state involved in the ?>> 

—*>Y N2* bands is known to be perturbed 

at several points by a *II state. With the aim of 

obtaining further data as to the perturbations 

between these two states and of extending the 

data on the two’) states, the investigation to be 
described below was undertaken. 


EXPERIMENTAL PROCEDURE 


Merton and Pilley' found that a discharge 
taking place in helium, at a pressure of a few 
centimeters of mercury, to which a trace of 
nitrogen had been added resulted in strong ex- 
citation of the negative nitrogen bands while the 
positive nitrogen bands were virtually absent. 
This has been made use of here. The most suitable 
mixture of helium and nitrogen was found to be 
helium at a pressure of 3 cm of mercury and 
nitrogen at a pressure of 0.01 cm of mercury. 
The discharge tube was of the type customarily 
used for exciting the hydrogen continuous spec- 
trum. A 0.4 kva transformer with a maximum 
voltage of 15,000 volts was used to excite the dis- 
charge. Placing four Leyden jars in parallel with 
the discharge tube helped considerably in increas- 
ing the enhancement of the N.* bands. 

Attention was concentrated on the Av=3 se- 
quence. Spectrograms were obtained on Eastman 
40 plates in the second and third orders of a 21 
foot grating mounted stigmatically. The disper- 
sion for the second order in this region is 2.420A 


'T. R. Merton and J. G. Pilley, Phil. Mag. 50, 195 
(1925). 


per mm and for the third order 1.317A per mm. 
The exposure times necessary were three and 
nine hours for the two orders respectively. An 
iron are comparison spectrum was also placed on 
each spectrogram. 


ROTATIONAL ANALYSIS 


A rotational analysis has been made of the 
(4,7), (5,8), (6,9) and (7,10) bands. Table I shows 
the assignments of the lines into the various 
branches. The lines are denoted by their K values 
as the spin-doubling is so small that the R; and R: 
or P,; and Pz lines are not resolved (in the ab- 
sence of a perturbation) until higher K values are 
reached than those obtained by this method of 
excitation. Herzberg? has pointed out that the 
presence of a double head in the (5,8) band 
shows that there must be a perturbation in it. 
This is quite evident from the rotational analysis 
of the band. By means of this perturbation the 
determination of which are the 7; and which are 
the T» levels is made for the v’ = 5 state. The rela- 
tive intensity of two lines of a branch which have 
the same K value but different J values is in the 
ratio K+1: K, the line originating on the 7; 
levels being the stronger. By means of micro- 
photometer traces taken on the 40 : 1 ratio of a 
Koch-Goos recording microphotometer, it has 
been ascertained that the higher frequency line 
of the spin doublets (from K=11 on) in the R 
branches of the (5,8) band is the stronger. 
Furthermore this branch can be traced back to 
K=0 which would not be the case if it were the 


244. Herzberg, Ann. d. Physik [4] 86, 190 (1928). 
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TABLE I. Rotational assignments. 
(4,7) (5,8) 
K R P K R R, P, P, 
0 20186.44 0 
1 90.85 20179.14 1 74.50 20374.81 20360.83 
2 95.45 75.05 2 77.57 78.72 57.35 
3 200.47 72.88 3 79.05 82.14 56.53 20356,98 
4 05.94 70.37 4 91.87 88.21 53.05 54.20 
5 11,60 67.99 5 97.15 93.75 57.35 51.34 
6 17.89 66.51 6 402.82 99.70 53.05 49.47 
7 24.50 65.17 7 08.81 405.97 51.34 
8 31.34 64.27 8 15.29 12.61 49.95 46.88 
9 38.62 9 21.95 19.69 48.54 45.96 
10 46.27 63.51 10 29.25 26.96 48.18 45.60 
il 54.28 11 36.72 34.64 48.18 45,60 
12 62.65 64.27 12 44.68 42.70 48.18 45.60 
13 71.38 65.17 13 52.86 51.10 48.18 46.54 
14 80.51 66.51 14 61.58 59.85 49.47 
15 89.93 67.99 15 70.47 68.98 50.69 48.91 
16 99.71 69.85 16 52.29 50.69 
17 309.65 72.25 17 54.20 52.67 
18 20.35 74.96 18 56.53 55.05 
19 31.37 78.08 
20 42.45 $1.45 
21 85.28 
22 89.43 
23 93.98 
24 98.84 
25 203.85 
26 09.45 
27 15.43 
28 21.20 
(6,9) (7,10) 
K R P K R P 
0 20502.97 0 
1 07.10 20496,00(?) | 1 20585.71 20574.50 
2 11.42 93.57(?) | 2 89.24 71.75 
3 16.42 3 94,29 68.74 
+ 21.39 87.11 4 98.76 
5 26.76 $4.68 5 603.48 
6 32.44 $2.75 6 08.35 61.10 
7 38.50 81.23 7 13.63 59.28 
8 44.81 80.10 8 19.03 57.31 
9 51.41 79.14 9 24.69 55.95 
10 58.31 78.12 10 30.57 54.40 
il 78.12 11 36.54 53.54 
12 73.11 78.12 12 42.82 
13 81.02 78.12 13 
14 89,24 79.14 14 56.01 52.28 
15 97.67 80.10 15 62.89 
16 606.51 81.23 16 69,98 51.41 
17 15.47 82.75 17 77.31 50.58 
18 24.69 84.68 18 84.33 50.58 
19 34.24 19 92.25 50.58 
20 44.54 20 700.15 50.58 
21 56.01 21 08.87 50.58 
22 69.98 
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TABLE II. Lower state combination differences. The 
values of A, F’’(K) =R(K —1)—P(K +1) are given for the 
various vibrational levels as determined by the present 
analysis. The values for v’’=8 are the average of A.F,''(K) 
and A:2F,'’(K). The values of Coster and Brons are also 
included for v’’=8 and 9. 


ALLAN E. 


PARKER 


TABLE III. Upper state combination differences. The 
values of A, F’(K) =R(K) —P(K) are given for the various 
vibrational levels as determined by the present analysis, 
The values for v’=5 are those obtained from the unper- 
turbed R, and P: branches, that is A:F2'(K). The values of 


_ Coster and Brons for v’=4 are also included in this table. 


v’=8 v’=9 


R: branch. The branches have been designated 
accordingly. 

Table II gives the values of Ao F’’(K) and Table 
III the values of A.F’(K). B, has been computed 
from these tables for the various vibrational 
states involved.’ The values obtained for B, are 
given in Table IV, as are the values determined 
by Childs‘ and by Coster and Brons.® Coster and 
Brons have given the following expression for 

B,” = (1 —0.01040"") (1) 


and the writer® has given the following expression 
for B,’: 


= By' (1 — 0.01010’ — 0.000720”). (2) 


The first two A2F2'(K) values of the =5 state have not 
been used as there is some indication that a perturbation 
may exist in the levels involved. 

*W. H. J. Childs, Proc. Roy. Soc. A137, 641 (1932). 

*D. Coster and H. H. Brons, Zeits. f. Physik 73, 747 
(1932). 

* A. E. Parker, Phys. Rev. 44, 90 (1933). 


K v =7 v =8 ‘ic & B) v =9 (C & B) v =10 K U =4 (Cc & B \ w =§ t =6 v= 

1 10.79 10.67 10.93 9.40 9.78 1 11.71 11.53 11.10 10.21 

2 17.97 17.90 17.88 17.19 16.97 2 19.80 19.48 17.85 17.49 

3 25.08 24.52 24.62 24.31 24.49 3 27.59 27.17 25.16 26.55 

4 3248 30.83 30.94 31.74 31.37 | 4 35.57 35.49 34.01 34.28 

5 39.43 38.78 38.84 38.64 38.60 37.66) § 43.61 43.23 42.41 42.08 

6 4643 45.81 46.09 45.53 4543 44.20 6 51.38 51.24 50.23 49.69 47.25 

7 53.62 52.85 52.91 52.34 52.34 5104 7 59.33 58.99 57.27 54.35 

s 60.14 60.25 5936 5946 56.33 8 67.07 66.98 65.73 64.71 61.72 

9 67.83 67.06 66.95 66.69 66.31 64.63 9 74.79 73.73 72.27 68.74 

10 74.09 74.18 73.29 73.27 71.15 | 10 82.76 82.74 81.36 80.19 76.17 

11 82.00 81.36 81.32 80.19 80.22 11 90.60 89.04 83.00 

12 89.11 8832 88.39 87.17 12 98.38 98.45 97.10 94.99 

13 96.14 95.21 95.07 93.97 94.19 90.5413 106.21 106.40 104.56 102.90 

14 103.39 102.18 102.27 100.92 100.68 14 114.00 114.23 110.10 104.60 

15 110.66 109.22 109.32 108.01 108.09 104.60 45 121.94 122.14 120.07 117.57 

16 117.68 116.29 114.92 114.95 112.31 | 16 129.86 129,93 125.28 

17 124.75 121.83 121.92 119.40 | 17 137.40 137.93 132.72 126.73 

18 131.57 128.81 126.73 | 18 145.39 145.52 140.01 133.75 

19 138.90 135.80 133.75 | 19 153.29 153.31 141.67 

20 146.09 142.67 141.67 | 20 161.00 149.57 
-21 153.02 149.59 21 158.29 

23 163.55 


Values computed from these two expressions are 
also included in Table IV. The course of the B 
values is shown in Fig. 1. 


PERTURBATIONS 


The 7) levels of the v’=5 level undergo per- 
turbation in the region of low K values. The point 
of maximum perturbation is at J=4} and 5}. 


TABLE IV. The values of B,’ and B,” as determined by 
Childs, by Coster and Brons and by the writer. Values 
are inem 


B,’ ; 
v Childs C&B Parker calc. | Childs Parker cale. 
O 2.0725 2.074 2.074 | 1.9224 1.920 1.920 
1 2.047 2.052 | 1.9016 1.900 1.900 
2 2.024 2.028 1.879 1.880 
3 2.000 1.998 1.861 1.860 
4 1.971 1.965 1.966 1.841 1.840 
5 1.942 1.932 1.817 1.820 
6 1.895 1.895 1.808 1.800 
7 1.852 1.854 1.782 1.780 
8 1.810 1.813 1.770 1.760 1.760 
9 1.765 1.740 1.740 1.740 
10 1.710 1.715 1.73 1.720 
11 1.664 
12 1.608 
13 1.545 1.549 
14 
15 1.62 1.620 


| 
| 
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Fic. 1. Plot of B,’ (circles) and B,"’ (dots) against v. The 
solid lines represent Eqs. (1) and (2). 


The separation of the 7 and 7» levels is given in 
Table V. The values are the average separations 
of the P; and Pz lines and of the R; and R, lines 
except from K =9 through 14 where the separa- 
tion of the R lines alone is used as the values ob- 
tained from the corresponding P lines are inac- 
curate, these P lines forming the head of the 


TABLE V. Separation of the 7; and the 7, terms of the 
v=5?*,,* level. Two values are given when two lines are 
observed in the perturbed branch which have the same J 


K K K 
2 —0.31 7 3.10 | 12 2.08 
3 —1.15 8 2.84 | 13 1.98 
4 —3.09 6.04| 9 2.68 | 14 1.77 
5 —6.81 3.62 | 10 2.26 | 15 1.67 
6 3.40 11 2.29 | 16 1.51 
17 1.48 


band. Fig. 2 is a plot of the separation of the 7) 
and 7. levels. There is a possibility that the first 
three 7, levels are also perturbed but this can- 
not be said definitely to be true. 

Childs! has observed several perturbations in 
the v=0 level of the *}°,* state. These are ex- 
plained by him as arising from two consecutive 
vibrational levels of the *II state perturbing the 
v=0°>)..+ level at K =39 and 66 respectively. It 
is reasonable to assume that B,=1.50 cm! for 
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Fic. 2. The perturbation in the v=5*2X,* level. The 
separation of the 7) levels from the 7; levels is plotted 
against 


these two *II vibrational levels. Childs has extra- 
polated to K =0 and computed the separation of 
the v=0?3.,* state and the *II level perturbing 
it at K=39 and found the separation to be 
900 cm~'. The next *II level may be estimated to 
be 1570 cm™ higher and this level perturbs the 
v=1*>,* level as well. The separation of the 
two “Il levels perturbing the v=1 and 3 ?3°,* 
levels is found to be approximately 4620 cm~!. 
The *II level which causes the next perturbation 
that in the v=5 *}-,* level is found to lie 4290 
cm ' higher. While that perturbing the v= 8 
level lies 5870 cm™ still higher. Fig. 3 illustrates 
the relative positions of the levels of the two 
states. 

If we assume that the expression for the course 
of the *II vibrational levels is of the form 


G(v) (3) 


we can from the separations compute x.w,. The 
average value obtained is 18 cm™. This must be 
taken as a maximum value for the effect of 
further terms in the expression for G(v) would be 
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Fic. 3. Course of the *II vibrational levels relative to the 
2>.* levels as determined from the perturbations. The 
first perturbed *II level is denoted by x and the subsequent 
perturbed levels are also indicated by the appropriate 
designation. 


to decrease x,w,, if they are of the same sign as 
the higher coefficients of the G(v) expressions for 
the two ?>> states of N.*. As can be seen from 
these two *}- states the theoretical expressions of 
Kratzer’ do not hold sufficiently well to permit 
of estimating either w, or D, from the values de- 
duced for x.w, and B,. 

Certain additional lines are frequently ob- 
served at points of perturbation. Such is the case 
in the (5,8) band. For two R, lines are observed 
for both J’ =3} and 43 and two P, lines for 
J’’=6}. These are given in Table VI. 

Some of the plates obtained showed the (13,15) 
band very well developed. Hence this band was 


7 Cf. Jevons, Report on Band Spectra of Diatomic Mole- 
cules, p. 27. 
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TABLE VI. Additional lines in the (5,8) band. 


R branches P branches 
J K 
2} 3 20382.14 | 5} 6 20349.47 
3} 3 79.05 | 6} 6 42.69 
88.21 53.05 
3} 4 20388.21 
44 4 81.38 
91.87 


remeasured on one of the second order plates. 
The region of the perturbation showed several! 
additional lines whose assignments are given in 
Table VII. There is no need for a figure to illus- 


K Ps P, P, 


10 21005.82 21006.36 
11 00.92 01.70 
12 20995.94 20996.71 
13 90.63 92.02 
14 84.62 86.70 20989.41 
15 79.56 81.42 83.55 
16 76.01 77.30 
17 66.96/ ?) 70.53 71.16 
18 64.67 65.73 


trate this perturbation as it is quite similar to 
that shown in Fig. 2. From the microphotometer 
traces taken of the perturbed region in the P 
branches it is evident that the perturbed lines 
are the weaker. That this is the case for the lines 
furthest removed from the point of maximum 
perturbation indicates that the perturbed levels 
are the T2 levels. One would expect though, by 
analogy to the perturbations in the v=1 and 5 
levels, that the perturbation would be in the 7) 
levels, only one set of levels being perturbed. 

The author wishes to thank Professor W. W. 
Watson who suggested the problem for his inter- 
est in the research. 


| 
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Nuclear Spin of Phosphorus from Band Spectrum Analysis 


F. Asu_ey, Department of Physics, University of California 
(Received September 18, 1933) 


The emission spectrum of P, has been photographed in addition to the (8,27), (8,28) and (9,28) bands previously 
the first and second orders of the 21-foot grating. A strong reported by Herzberg. Only P and R branches are present. 
alternation in intensity is observed in the successive The transition involved is 'X—+'S. The odd levels of the 
rotational lines of many bands. The intensity ratio isfound ground state have the greater statistical weight. The 

, to be 3 : 1, hence the nuclear spin of phosphorus is }(//27). following molecular constants are obtained; Be’ =0.2415 
A fine structure analysis was made of the (6,22), (6,23), in. cm; Be’’=0.3058 cm™; a’ =0.00164; a’’ =0.00165. 


INTRODUCTION could not be given since the origin of the system 
was not known. This was first definitely estab- 
lished by the work of Jakowlewa’ on the fluores- 
cence and absorption spectra of Pe. The assign- 
ment of vibrational quantum numbers adopted 
here is that given by Jakowlewa. 

During the present investigation, an extensive 
article was published by Herzberg‘ dealing with 
the predissociation and its interpretation, and 
also with the rotational structure of certain 
bands. In previous correspondence with Dr. 
Herzberg, it had been decided that, to avoid 
duplication, the present work would not include 
the analysis of the bands of longest wave-length 
which show predissociation, but only the best 
resolved bands further to the ultraviolet which 
are suitable for a study of the alternating intensi- 
ties. Data on the vibrational structure, showing 
marked perturbation of the levels v’=2 and 5 of 
the upper state, as well as a complete treatment 
of the predissociation, which leads to a value of 
5.01 volts for the heat of dissociation of normal 
P2, will be found in the article by Herzberg. 

The principal purpose of the present work was 
the determination of the nuclear spin of the P 
atom from a consideration of the alternation of 
intensity®: ° in successive lines of a given branch 
of the rotational structure. At the beginning of 
the work, an analysis of the rotational structure 


N 1906 Geuter! observed the emission spectra 
of P, under low dispersion. Regularities in the 
band heads in the region from \2690 to 43577 
were established. Several other band systems of 
“phosphorus” were also observed, several of 
| which have been since identified as the emission 
j spectra of other phosphorus compounds (PO, PH), 
the extended band system designated as “‘C”’ by 
Geuter being the only one due to Pe. He meas- 
ured some individual lines of the band whose 
head is at 3246.72A on the Rowland system. 
This is the 9,29 band according to the present as- 
signment of the quantum numbers. The lines 
j near the head he estimated to be of constant 
intensity, whereas those further from the head 
were assigned alternating intensities of 2 : 1. 
More recently Herzberg? has reported that the 
P; molecule showed the phenomenon of predisso- 
ciation. From the emission spectrum he observed 
that the rotational lines of a band with a par- 
ticular value of v’ stop abruptly at a certain low 
rotational quantum number, the last few lines 
being still quite intense. Bands corresponding to 
higher values of v’ are entirely missing, whereas 
in the case of bands with v’ one unit lower, the 
lines run to a much higher rotational quantum 
number and then stop abruptly. From these 
phenomena Herzberg gave 5.5 volts as an upper 
limit to the heat of dissociation and stated that 
the absolute value of the predissociation limit 


* A. Jakowlewa, Zeits. f. Physik 69, 548 (1931). 

*G. Herzberg, Ann. d. Physik 15, 677 (1932); Ergebnisse 
d. Naturwiss. 10, 273 (1931). 
'P. Geuter, Zeits. f. Wiss. Photographie 5, 3 (1907). ® Jenkins and Ashley, Phys. Rev. 39, 552 (1932). 
*G. Herzberg, Nature 126, 239 (1930). ® Jenkins and Ashley, Nature 129, 829 (1932). 
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was made,’ and it was shown to be that character- 
istic of a '}°,*—>'>-,* transition. Since the dis- 
persion used here was superior to that available 
to Herzberg, the wave-number data for five 
bands, two of which are new, have been included 
below. The analysis has shown that the nuclei 
obey the Fermi-Dirac statistics, if the ground 
state is '}>,* and that the previously estimated® 
alternation ratio of 3 : 1, requiring a nuclear spin 
of }, is certainly correct. The odd levels of the 
‘y+ ground state have the greater statistical 
weight. 


ANALYSIS OF THE BANDS 


Because of the greater simplicity of absorption 
spectra over emission spectra, an attempt was 
first made to obtain the absorption spectrum of 
P. under high dispersion. This method would 
have the added advantage that one may measure 
the temperature of the absorbing gas and utilize 
the theoretical formulas for the intensity distri- 
bution in determining the ratio of alternating in- 
tensities, as done by Harvey and Jenkins.’ These 
experiments were carried out by passing light 
from a He discharge tube through a quartz tube 
50 cm in length encased in an oven, the tempera- 
ture of which could be raised to 1000°C. A side 
tube attached to the center of the absorption 
tube contained yellow phosphorus that had been 
three times distilled in vacuum. The pressure in 
the absorption tube could be regulated by vary- 
ing the temperature of the phosphorus in the side 
tube. Under varying conditions of temperature 
and pressure only diffuse band heads were ob- 
tained, a continuous background of absorption 
being present even when the pressure was very 
low. The above phenomena may perhaps be 
attributed to the fact that P. shows predisso- 
ciation. 

Although the possibilities of this method were 
not exhausted, it was decided to determine if an 
alternation of intensity could easily be observed 
in the emission spectrum. The emission spectrum 
was obtained by passing an uncondensed dis- 
charge between aluminum electrodes through 
phosphorus vapor in a quartz tube. The pressure 
in the tube was maintained by vaporizing yellow 


? Harvey and Jenkins, Phys. Rev. 35, 789 (1930). 
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phosphorus contained in a side tube into which it 
had been distilled in vacuum. In the later part of 
this work the red modification was used because 
of the greater ease of removing water vapor. The 
melting point of yellow phosphorus is 44°C. Red 
phosphorus sublimed at about 300°C, condensing 
as the yellow modification. The phosphorus 
vapor was dried with P.O;, and condensed three 
times before distillation into the quartz tube. 

During passage of the discharge, red phos- 
phorus was rapidly deposited on the walls of the 
tube and a very thin layer of this substance is 
very opaque to ultraviolet light. The window was 
kept clean by means of a flame. During the course 
of a run when all the yellow phosphorus was con- 
verted into red phosphorus, which has too low a 
vapor pressure to carry the discharge, it was 
readily reconverted by heating into the yellow 
form for another run. During runs in which the 
electrodes were kept fairly cool, a black electric- 
ally conducting deposit formed on the tube. This 
may have been aluminum phosphide. 

The bands photographed, extending from 
42500 to 43500, showed considerable overlapping 
of the rotational structure. Certain bands were, 
however, sufficiently open so that one might im- 
mediately say that they are singlet in nature. 
Only P and R branches are present, indicative of 
a'}°’>'® transition. A strong alternation in in- 
tensity was very apparent, particularly in the 
6-22 band where the strong P lines are superim- 
posed on the strong R lines. By inspection, it was 
possible to say with fair certainty that the alter- 
nation ratio was 3 : 1°; however other possibilities 
were eliminated later. Perturbations are very 
prominent in many bands, and will be made the 
subject of further study. 

Since at the outset of this work nothing was 
known of the fine structure analysis, it was de- 
cided to make such an analysis of the (6,22), 
(6,23), (8,27), (8,28), (9,28) bands, primarily for 
the purpose of deciding whether the even or the 
odd levels have the greater statistical weight. 
Incidently the molecular constants were calcu- 
lated from the corresponding bands. 

Spectrograms used for analysis were taken in 
the first and second orders of a 21 foot concave 
grating. The 8,28 band was measured in the first 
order, while the other bands were measured in the 
second order. Fig. 1a shows the general appear- 
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ance of the spectrum in its simpler part, while 
Figs. 1b and 1c show the spectrum in the region 
of the 6,22 and 8,25 bands respectively with 
greater enlargement. The dispersion is approxi- 
mately 2.38A,/mm for the first order and 1.27A 

mm for the second order, in the regions studied. The 
wave-lengths given in 7 vansactions of the Astro- 
nomical Union, Vol. I11, 1929, and Publications 
of the Allegheny Observatory, Vol. V1, were used 
for the iron comparison lines. The strong lines 
could be measured with greater accuracy than 
the weak lines, the latter being necessarily omit- 
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ted in measurements of some of the fainter bands. 
The lines of the 6,22 band were subject to error 
due to the superposition of the P and R branches. 

It was easy to identify the P and R branches 
because of the greater intensity of the R branch 
near the head, the P branch increasing in relative 
intensity near the tail. When in doubt as to the 
identity of the branches from a superficial exam- 
ination, the lines were microphotometered. The 
fact that only the strong lines of the P branch 
need be combined with the strong lines of the R 
branch and similarly for the weak lines, was of 


TABLE I. Bands of the X'—+! system. The lines of odd K value are the more intense. 


6,22 Band 


K R A:F”’ 


K R A:F’ A:F’’ 
17 33,841.82 33,825.82 16.00 46 33,784.28 33,741.51 42.77* 49. 85* 
18 33,840.87 33,823.97 16.90 19.72 | 47 33,781.14 33,737.47 43.67* 50.88* 
19 33,839.91 33,822.10 17.81 20.82 | 48 33,777.90 33,733.40 44.50* 51.08" 
20 33,838.87 33,820.05 18.82 21.89 | 49 33,774.66 33,729.16 45.50* 52.9x* 
21 33,837.70 33,818.02 19.68 22.99 | 50 33,771.27 33,724.92 46.35* 54.00% 
22 33,836.53 33,815.88 20.05 24.04 | 51 $3,767.84 33,720.57 47.27* 55.28* 
23 33,835.17 33,813.66 21.51 25.07 | 52 $3,764.35 33,715.99 48.36* 56.17* 
24 33,833.97 33,811.46 22.51 26.09 | 53 33,700.70 34,711.67 59.03* 57.14* 
25 33,832.45 33,809.08 23.37 27.41 | 54 33,756.97 33,707.21 49.76 58.20% 
26 33,830.83 33,806.56 24.27 28.39 | 55 33,753.29 33,702.41 50.88* 50.324 
7 33,829.24 33,804.06 25.18 29.43 | 56 33,749.41 33,097.05 51.76* 60.40% 
28 33,827.50 33,801.40 26.10 30.44 | 57 33,745.53 33,692.80 52.73* 61.57* 
29 33,825.82 33,798.80 27.02 31.58 | 58 33,741.51 33,687.84 53.07" 62.04* 
30 33,824.01 33,795.92 28.09 32.60 | 59 33,737.47 33,682.89 54.58* 63.53" 
33,822.10 33,793.22 28.88 33.05 60 33,733.40 33,677.98 55.42* 64.82" 
32 33,820.63 33,790.36 30,27 34.78 | 61 33,729.11 33,672.65 56.40* 66.05" 
33 33,818.02 33,787.32 30.70 36.36 62 33,724.61 33,667.35 57.26 67.1" 
a4 33,815.88 33,784.27 31.61 360.88 63 33,720.19 33,662.10 58.00 
3s 33,813.06 33,781.14 32.52 37.94 | 64 33,715.62 
36 33,811.46 33,777.94 33.52 39.00 65 33,711.06 
37 33,809.09 33,774.06 34.43 40.18") 66 33,706.52 
38 33,806.56 33,771.28 35.28 41.25*| 67 33,701.53 
39 33,804.06 33,767.84 36.22 42.18 | 68 33,696.61 
40 33,801.40 33,764.38 37.02 43.36" 69 33,691.59 
41 33,798.80 33,760.70 38.10 44.43* 70 33,686.11 
42 33,795.92 33,756.97 38.95 45.51* 71 33,681.17 
43 33,793.22 33,753.29 39,93 46.51*| 72 33,676.24 
44 33,790.36 33,749.41 40.95* 47.69* 73 33,670.55 
45 33,787.32 33,745.53 41.79* 48.85% 

6,23 Band 

13 33,201.91 33,189.42 12.49 43 33,153.28 33,113.28 40.00% 46.76 
14 15.47 | 44 33.150.52 33,109.47 41.05* 47.43* 
15 33,200.70 33,186.44 14.26 45 33,147.65 33,105.85 41.80% 48.66 
16 17.52 46 33,144.73 33,101.86 42.87* 49.51* 
17 33,199.20 33,183.18 16.02 47 33,141.79 33,098.14 43.65* 50.63* 
18 33,198.28 33,182.45 16.83 19.75 | 48 33,138.55 33,094.10 44.45* 51.70% 
19 33,197.40 33,179.45 17.95 20.72 | 49 33,135.57 33,090.09 45,48* 52.60% 
20 33,196.71 33,177.56 19.15 21.90 | 50 33,132.32 33,085.95 46.37* 53.77* 
21 33,195.42 33,175.50 19.92 23.20 | 51 33,129.09 33,08 1.80 47.20% 54.80" 
22 33,194.11 33,173.51 20.60 24.10 | 52 33,125.71 33,077.52 48,10* 55.86" 
23 33,193.03 33,171.32 21.71 25.03 | 53 33,122.29 33,073.16 49.13% 56.88* 
33,191.89 33,169.08 22.81 26.20 | 54 33,118.54 33 068.83 49.71 SS.04* 
25 33,190.30 33,166.83 23.47* 27.38 55 33,115.14 33,064.25 50. 890* 
26 $3,188.92 33,164.51 24.41* 28.18 | 56 33,111.50 60.14" 
27 33,187.36 33.162.12 25.24* 29,33*| 57 33,107.75 33,055.00 §2.75* 61.16" 
28 33,185.76 33,159.59 26.17* 30.38% 58 33,103.86 33.050.34 53.52" 62.22" 
29 33,184.17 33,156.98 27.19* 31.41*) 59 33,100.06 33,045.53 54.53* 63.20% 
30 33,182.45 33,154.35 28.10* 32.55*| 60 33,096.05 33,040.57 55.48" 64.75 
31 33,180.64 33,151.62 29.02* 33.80 | 61 33,091.95 33,035.31 56.64 
32 33,178.73 33,148.65 30.08* 34.67*) 62 33,087.87 
33 33,176.84 33,145.97 30.87* 35.81%) 63 33,083.64 
34 33,174.81 33,142.92 31.89* 36.84*) 64 33,079.10 
35 33,172.76 33,140.00 32.76* 37.94* 65 33,074.94 
36 33,170.65 33,136.87 33.78* 39.01* 66 33,070.48 
37 33,168.29 33,133.75 34.54* 39.94* 67 33,065.83 
38 33,165.73 33,130.71 35.02 41.07* 68 
39 33,163.60 33,127.22 36.38" 41.91 | 69 33,056.35 
40 33,161.01 33,123.82 37.19* 43.19") 70 33,051.37 
41 33,158.65 33,120.41 38.24* 44.14*, 71 33,046.41 
42 $3,156.23 33,116.87 39.36 45.37*| 72 33,041.14 
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TABLE I. (Continued.) 


8,27 Band 
! 
K R | K R P A:F’ A:F”’ 
15 31,572.17 31,558.21 13.96 47 31,519.85 31,476.87 42.98* 49.46* 
16 17.24 | 48 31,517.30 31,473.17 44.13 49.13 
17 31,570.83 31,554.93 15.90 49 31,514.33 31,470.72 43.61 49.75 
18 19.37 | 50 31,511.67 31,467.55 44.12 §1.32 
19 31,569.36 31,551.46 17.90 51 31,508.56 31,463.01 45.55 53.68* 
20 31,568.54 31,550.27 18.27 21.46 | 52 31,505.40 31,457.99 47.51* 54.59* 
21 31,567.57 31.547.90 19.67 53 31,502.39 31,453.97 48.42* §5.43* 
22 31,566.59 31,546.06 20.53 23.44 | 54 31,499.37 31,449.97 49.40* 56.44* 
23 31,565.52 31,544.13 21.39 24.63 | 55 31,495.95 31,445.95 50.00* 57.55* 
24 31,564.40 31,541.96 22.44 25.52 | 56 31,492.62 31,441.82 50.80* 58.55* 
25 31,563.20 31.540.00 23.20 26.57 | 57 31,489.31 31,437.40 51.91* 
26 31,561.78 31,537.83 23.95 27.59 | 58 31,485.67 60.68* 
| 27 31,560.56 31,535.61 24.95 59 31,482.27 31,428.63 53.64* 61.46* 
28 29.74 | 60 31,478.68 31,424.21 54.47 62.63* 
29 31,557.71 31,530.82 26.89 61 31,474.80 31,419.64 55.16 
] Ri 31,556.39 31,528.56 27.83 31.81 | 62 31,472.13 64.76 
31 31,554.62 31,525.90 28.72 32.96 | 63 31,469.50 31,410.04 59.46 
32 31,523.43 33.91 | 64 31,465.81 
) 33 31,551.10 31,520.71 30.39* 65 31,461.84 
34 31,549.44 31,518.22 31.22* 35.81*| 66 31,456.98 
35 31,547.41 31,515.29 32.12* 36.89 | 67 31,452.81 
36 31,545.38 31,512.55 32.83 37.91*| 68 31,449.58 
37 31,543.52 31,509.50 34.02* 38.43 | 69 31,445.24 
| 38 31,541.53 31,506.95 34.58 39.97*| 70 31,440.50 
38” 31,539.35 31,503.55 35.80* 40.90*| 71 31,436.24 
| 40 31,537.10 31,500.63 36.47 42.14*| 72 
; 41 31,534.85 31,497.21 37.64* 43.00*| 73 31,427.58 
42 31,532.29 31,494.10 38.19 44.10*| 74 31,422.79 
43 31,530,11 31,490.75 39.36 45.22*| 75 31,418.19 
44 31,527.67 31,487.07 40.60 46.24*| 76 
45 31,525.13 31,483.87 41.26* 47.18*| 77 31,408.56 
46 31,522.63 31,480.49 42.14* 48.26*) 
8,28 Band 
19 30,959.07 30,941.33 17.74 | 41 30,926.90 30,889.09 37.81 42.83* 
| 20 30,958.14 21.26 | 42 30,924.70 30,885.97 38.73 43.88* 
21 30,957.40 30,937.81 19.59 43 30,922.45 30,883.02 39.43 45.12 
22 30,956.38 23.27 | 44 30,920.28 30,879.58 40.70 45.91* 
23 30,955.58 30,934.13 21.45 45 30,917.79 30,876.54 41.25 
24 25.32*| 46 30,915.24 48.14* 
25 30,953.33 30,930.26 23.07 47 30,912.73 30,869.65 43.08 
26 27.36*| 48 
27 30,950.94 30,925.97 24.97 49 30,907.54 
28 29.54*| 50 30,904.69 
29 30,948.20 30,921.40 26.80 $1 30,901.91 
30 30,946.96 36,919.27 27.69 31,.53*| 52 30,899.21 
31 30,945.37 30,916.67 28.70 32.42 | 53 30,896.20 
32 30,914.54 33.70*| 54 30,893.18 
33 30,942.13 30,911.67 30.46 55 30,890.26 
34 30,940.49 30,909.02 31.47 35.71*| 56 30,886.94 
35 30,938.75 30,906.42 32.33 36.83*| 57 30,884.00 
36 30,936.81 30,903.66 33.15 37.80*| 58 
37 30,935.10 30,900.95 34.15 38.76*| 59 30,877.40 
38 30,932.95 30,898.05 34.90 39.98 | 60 30,873.31 
30,931.19 30,895.12 36.07 40.79*) 61 30,870.34 
40 30,928.80 30,892.16 36.64 42.10 
9,28 Band 
19 31,391.96 31,372.73 19.23 48 31,339.60 31,296.00 43.60* 50.04* 
20 31,391.07 31,371.68 19,39 21.18 | 49 31,336.90 31,292.36 44.54* §1.00* 
21 31,390.27 31,370.78 19.49 20.86 | 50 31,334.00 31,288.60 45.40* §2.12* 
22 31,389.09 31,370.21 18.88 23.46 | 51 31,331.04 31,284.78 46.26* 53.11* 
23 31,388.05 31,366.81 21.24 24.39 | 52 31,327.77 31,280.89 46.88 54. 18* 
24 31,387.07 31,364.70 22.37 25.41*| 53 31,324.94 31,276.86 48.08* 
25 31,385.69 31,362.64 23.05* 26.68 | 54 31,321.80 56.16* 
26 31,384.56 31,360.39 24.17 27.48*| 55 31,318.55 31,268.78 49.77* 
27 31,383.11 31,358.21 24.90* 28.77 | 56 58.17* 
28 31,381.91 31,355.79 26.12 29.57*| 57 31,311.93 31,260.38 51.55* 
29 31,380.26 31,353.54 26.72* 30.80 | 58 31,308.49 60,.20* 
30 31,378.74 31,351.11 27.63* 31.63*| 59 31,305.15 31,251.73 53.42* 
31 31,377.06 31,348.63 28.43* 32.71*| 60 31,301.45 62.34* 
32 31,375.15 31,346.03 29.12 33.61*| 61 31,297.36 31,242.81 54.55 
33 31,373.62 31,343.45 30.17* 34.33 | 62 31,294.25 63.84 
34 31,371.78 31,340.82 30.96 35.64") 63 31,290, 12 31,233.52 56.60 
35 31,370.03 31,337.98 32.05* 36.61*| 64 31,286.83 66.32 
36 31,368.10 31,335.17 32,.93* 37.78*| 65 31,283.52 31,223.80 59.72 
37 31,366.05 31,332.25 33.80% 38.83") 66 31,279.13 
38 31,364.00 31,329.27 34.73* 39.80%) 67 31.276.92 
39 31,361.88 31,326.25 35.63* 40.82*| 68 
40 31,359.55 31,323.18 36.37* 41.86*, 69 31,266.92 
41 31,357.33 31,320.02 37.31* 42.54 | 70 
42 31,355.00 31,317.01 37.99 43.80*| 71 31,258.25 
43 31,352.58 31,313.53 39.05* 44.92*| 72 
44 31,350.18 31,310.08 40,10* 45.88*| 73 31,249.50 
| 45 31,347.63 31,306.70 40.93* 46.46 | 74 
46 31,345.03 31,303.72 41.31 47.93 | 75 31,240.48 
47 31,342.40 31,299.70 42.70* 49.03* 
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aid in finding the correct combination relations. 
The numbering could have been found very 
directly from the bands which show predissocia- 
tion. However, the bands which showed predis- 
sociation, viz., the (10,29), (11,30), (10,30), and 
(11,31) bands, were less favorable for measure- 
ment from the standpoint of intensity and are 
expected to give irregular values of the band 
constants. Perturbat‘ens allowed a very definite 
verification of the correctness of the assignment of 
rotational quantum numbers, K, and of the 
resulting combination relations. The absolute 
values of the combination differences, As were 
plotted against K in order to check the absolute 
numbering of K. Table I gives the analysis of the 
five bands studied. 

The following are the equations for the A,F 
values: 


A. F” cee 


One method for obtaining B, from this equation, 
especially applicable when D, is very small, is to 
write 


A preliminary value of B, may be calculated by 
dividing A,F by 4(K+}). This value may be 
used for calculating D, in the equation D,= 
—(4B,5/w.). The term 8D,(K +3)? is to be sub- 
tracted algebraically from the corresponding 
(AcF’’/(K+34)). The resulting values of 4B, ob- 
tained for different K values are then averaged. 
In this work the preliminary value of B,”’ was 
calculated with only the combination differences 
for even K values from 30 to 46. The values of w, 
were taken from the equation of Jakowlewa.* The 
variation of D, with v is immaterial, owing to the 
smallness of D, itself; hence D,” itself was used 
as the average value of D,”’. Only those values 
corresponding to A, F”’ indicated by an asterisk in 
the tables were used in calculating the final aver- 
age values of 4B,. Other values were obviously 
irregular due to perturbations or doubtful 
measurements. The probable error in 4B,"’ was 
calculated by least squares, giving equal weight 
to each point. 

The procedure for the upper level was similar. 

The resulting constants with their probable 
errors are summarized in Table II, and the con- 
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TABLE IT. Constants of Pz molecule. 


Bem" Herzberg 
v’’=22 0.22863 +0.00006 
v =23 0.26715+0.00004 
27 0.2602; +0.00008 0.2606, 
28 0.2590; +0.00005 0.2587, 
29 0.2566, 
30 0.2546, 
31 0.2529, 
32 0.2515; 
v = 6 0.2309, +0.00006 
8 0.2273» +0.00007 0.2274, 
9 0.2260; +0.00006 0.2255; 
10 0).2239% 
11 0.2222, 


+0.2415, +0.0007, =0.3057, +0.0006, 
a’ =0.00164 +0.00009 a’ =0.00165 +0.00003 
cm r.’’ =1.88K10-§ cm 


stants obtained by Herzberg! are included for 
comparison. A least squares solution was made of 
the equation B,=B,—a(v+}) and the resulting 
values of B, and a@ are also given in Table II, 
together with their probable errors calculated 
by external consistency.* The determination of 
the constants B, evidently involves a consider- 
able extrapolation. The probable errors given are 
based on a linear B, curve, and are not a true 
measure of the error if their curve is not strictly 
linear, as is almost certainly true in the upper 
state. Herzberg‘ obtained the values B,’ = 0.24197, 
a’ =0.00172, B,”’=0.31424, a’ =0.0019;. The 
rather poor agreement with the value of Table II 
is principally due to the fact that the constants 
from the higher vibrational levels used by Herz- 
berg show large irregularities, and do not fit a 
smooth curve within experimental error in either 
the upper or the lower states. 


ALTERNATING INTENSITIES 


Since the ratio of intensities of the strong to 
the weak lines in a given series was observed by 
inspection to be fairly large, a small value of the 
nuclear spin was indicated. The only values at all 
possible are 4 and 1, corresponding to alternation 
ratios of 3: 1 and 2 : 1 respectively.* However it 
would be unreasonable on the basis of other ex- 
perimental evidence to assume that the phos- 
phorus nucleus could have an even number of 

* R. Birge, Phys. Rev. 40, 207 (1932). 

*R. Mulliken, Rev. Mod. Phys. 3, 149 (1931). 
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units of spin. A direct measurement of the alter- 
nation ratio was not attempted, but a method 
was devised which definitely distinguishes be- 
tween the possible values of 3: 1 and 2:1. For 
this purpose blackened wire screens of about 34 
and 46 percent transmission were used. These 
screens, Which were prepared and used according 
to the directions of Harrison,'® were calibrated in 
the exact position which they were to occupy 
during the experiment. The light from an auto- 
mobile headlight, placed at the position occupied 
by the phosphorus discharge tube, passed through 
a lens and then through the screen adjacent to 
the lens. The image of the filament was made to 
arrive somewhat out of focus on the open slit of 
the grating. This image extended beyond the 
edge of the slit so as to eliminate possible errors 
due to diffraction effects. One photronic cell of a 
Weston Illuminometer Model 603, placed back of 
the slit, received the transmitted light. The scale 
reading was taken several times with and without 
the screen in place. These screens are supposed to 
be neutral, and this neutrality in the visible 
region was checked by changing the voltage on 
the source. 

The scale deflection of the illuminometer was 
checked by means of the inverse square law for 
linearity of response and was found to be accurate 
to within the limit of variation of the light source 
used, i.e., a fraction of a percent. The final aver- 
age results of 16 measurements was 33.8+0.5 
percent for the first screen; 19 measurements for 
the second screen gave 45.9+0.5 percent as a 
result. 

The procedure in determining the alternation 
ratio was first to make an exposure of 10 minutes 
without the screens in the first, second, and third 
orders of the 21-foot grating, and then to make an 
exposure with the screens for the same length of 
time on the same plates immediately below the 
first exposure. This process was repeated until 
the total direct exposure was 1} hours and the 
exposure through the screen was for the same 
length of time. The current in the primary of the 
transformer was kept as constant as possible by 
regulating the pressure in the phosphorus tube. 
The repeated short exposures, 18 in all, switching 
from the direct to the screened, were carried out 


0G. Harrison, J. Opt. Soc. Am. 18, 493 (1929). 
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to obviate error due to possible variation in the 
source. Three runs were made, one with the 34 
percent screen, the next with the 46 percent 
screen and the last a repetition with the 34 per- 
cent screen. The microphotometer curves of the 
direct exposures taken on different days on 
different plates but with similar conditions of 
development were surprisingly constant, and 
therefore the intermittent exposure process was 
possibly an unnecessary precaution. 

Figs. 1d and le are enlargements of the 34 and 
46 percent exposures, respectively, of the 6,22 
band. If the alternation ratio were 2:1, one 
would expect the strong lines in the screened ex- 
posure of Fig. le to be slightly less intense than 
the weak lines in the direct exposure, and in 
Fig. 1d very much less intense. On the other hand, 
if the ratio is 3 : 1, the strong lines in the screened 
exposure of Fig. le should be considerably more 
intense than the weak lines in the direct expo- 
sure, while in Fig. 1d they should be practically 
equal. Inspection of these figures and of the 
microphotometer curves taken where the back- 
ground is least shows that 2 : 1 is not possible, 
and that the results are closely those expected 
for 3: 1. Figs. 2f, 2e and 2g show microphotom- 
eter curves for direct, 34 percent and 46 percent 
exposures of the 6,22 band. Only one direct ex- 
posure is included since the second one is a very 
close duplicate of the one shown. Figs. 2c and 2d 
show part of the 5,21 band for direct and 46 per- 
cent exposure. Figs. 2a and 2b show the 5,21 band 
for direct and 34 percent exposure. 

The outstanding difficulty in this method is the 
effect of background, which was much heavier 
with the direct exposures. If there were no back- 
ground and the intensity ratio is 3 : 1, the heavy 
lines of the 34 percent exposure should corre- 
spond closely in blackening to the weak lines of 
the direct exposure. Heavy lines of the 46 percent 
exposure are consistently heavier than the light 
lines taken directly. The heavy lines of the 34 
percent plate compare very favorably with the 
light of the direct exposure in the 5,21 band, 
where the background is least marked. The 46 
percent exposure in this case is much too heavy. 
For other bands with stronger background the 
46 percent is too strong, but the 34 percent ap- 
pears too light. The true ratio of the intensity of 
the heavy lines to that of the light lines midway 


926 MURIEL 
between is obviously the same for the direct ex- 
posure and for the 34 and 46 percent screens. 
However, the ratio of the heights of the micro- 
photometer curve peaks of heavy to light lines 
was least for the direct exposure and greatest for 
the 34 percent exposure. Hence the background 
will have the effect of enhancing the light lines of 
the direct exposure to a greater extent than the 
heavy lines of the 34 percent or 46 percent ex- 
posure. Thus due to background, the light lines 
of the direct exposure may be expected to appear 
heavier than lines of equal intensity on a lighter 
background. 

Another possible source of error is the follow- 
ing. Two adjacent lines may be entirely distinct 
for a light exposure, but if the exposure is heavy, 
the denser line of the two tends to raise the rela- 
tive height of the intensity peak of the lighter line. 
This was obvious in the case of some of the 
microphotometer curves. This fact tends to make 
the intensity ratio appear less than it actually is. 

Self-absorption in the P, vapor will also tend to 
increase the density of the light lines relative to 
the heavy lines. The column of discharge focussed 
on the slit of the grating was two inches long. 
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Now, as just noted, the observed apparent in- 
tensity ratio is closely 3:1 in the 5,21 band, 
where the background is the lightest. Moreover, 
the above sources of possible error all tend to 
give an observed intensity ratio slightly less than 
the true value, and in the remaining bands the 
observed ratio is slightly less than 3:1. We 
therefore conclude that the actual ratio of the 
strong to the weak lines is 3 : 1 within the limits 
of experimental error. It is certainly not 2 : 1. 

Now it is known that the ratio of intensity of 
strong to weak lines for a homonuclear molecule 
is (7+1)/J, where J is the number of Bohr units 
of spin possessed by the nucleus. Hence the spin 
of the nucleus of the phosphorus atom is one-half 
a Bohr unit, i.e., 3(4/27) erg sec. 
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New Bands in the Electronic Band Spectrum of Neutral OH 
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By producing a very rapid flow of water vapor through a 
discharge tube and high frequency excitation, it was 
possible to bring out portions of two new bands in the 
spectrum of neutral OH. These have been identified as the 
(3,0) and (3,1) bands. Faint lines have also been found 
between the lines of the ““R., singlet series of the \3064 
band. These lie where approximate calculations indicate 


that the ““X,, branch of the (0,0) band of the isotope OH? 
should fall. The singlet series ““Ry, of the (2,0) band re- 
ported by Almy and Rahrer appears on our plates. There 
is also a group of nine lines extending from \2539 to \2565. 
This may be a portion of the (4,1) band but it has not been 
found possible to establish this definitely. 


INTRODUCTION 


LTHOUGH the spectrum of water vapor 

was one of the earliest band spectra studied, ! 
the bands representing any except the lowest 
vibrational states have proved difficult to excite. 
The present investigation was confined to the 
region on the short wave-length side of the 
43064 band. 


EXPERIMENTAL PROCEDURE 


The discharge passed between aluminum elec- 
trodes and was viewed end-on through a quartz 
window. The main tube was provided with two 
reservoirs, one at each end, making it possible to 
distill water vapor through the discharge tube 
very rapidly without filling the rest of the system 
with water or ice. About 10 cc of conductivity 
water was placed in one reservoir and the system 
evacuated. This reservoir was then surrounded 
with water at room temperature to melt some of 
the ice formed by the rapid evaporation and to 
raise the vapor pressure. The reservoir at the 
other end of the tube was immersed in liquid air. 
Under these conditions a flow of water vapor was 
produced amounting to from 3 to 5 ce of liquid 
water per hour. 

Excitation was by means of a Tesla coil, built 
according to specifications for one of Tesla’s early 
coils.2 This was used with an open core trans- 


‘A bibliography covering the earlier work on this 
spectrum is given by Johnston, Dawson and Walker, Phys. 
Rey. 43, 473 (1933). 

* Tesla, J. Inst. Elect. Eng. 21, 62. 


former, a variable oil condenser and a quenched 
gap. The tube was operated with the minimum 
power that would cause it to emit light. Under 
these conditions, a direct vision spectroscope 
showed only the Balmer lines of hydrogen against 
a dark background. With an increase of power or 
a decrease in the rate of flow of vapor, the 
secondary spectrum of hydrogen became visible 
in the yellow and the plates showed a marked in- 
crease in background radiation in the ultraviolet. 
Eastman Hyper-Press plates that had been 
oiled to increase sensitivity below \2500 were 
used. The spectra were photographed with a 
Hilger E-2 spectrograph giving a dispersion of 
8.3A per mm in the region 42550. The exposure 
time was five hours. 
PLATE MEASUREMENTS AND DISCUSSION OF 
RESULTS 


Tables I-IV list the data obtained, the line 
assignments and the evidence supporting these. 
While there can be no doubt regarding the exist- 
ence of the lines, they are so faint and diffuse 
that the probable error is of the order of 0.1A or 
approximately two frequency units. A certain 
amount of overlapping of lines also occurred. The 
faintness of the lines made it impractical to use 
an instrument of higher dispersion. 

The initial lines of bands having the same final 
level, differ in frequency by amounts approxi- 
mately equal to the differences between the vibra- 
tional energies of their initial levels. From the 
data of Johnston, Dawson and Walker! for the 
vibrational constants, the values of P(1) and 
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TABLE I. 426076 band. 
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TABLE II. 42076 band. 


(0,1) (1,1) (2,1) 


In- In- 
K tensity y(vac.) Xair) tensity y(vac.) K 3428 \3122 42875 2676 K \3428 2875 42676 
note below Q:(K) —Q2(K)! P\(K) —P.(K) 
Ri Re 1 126.7 126.6 122 1 127 125 
2 26770 1 37344 1 ‘ ° 4 748 74.9 74.6 78 2 1054 105.4 105.0 104 
3 2677.0 1 37344 2 2684.3 1 37242 5 65.6 64.8 64.1 65 3 87.8 880 885 87 
5 2678.2 2 37327 3 6 57.1 57.0 56.2 56 4 74.8 75.7 75.2 80 
6 2679.1 1 37315 4 ” > 8 460 458 460 44 6 57.9 586 580 62 
8 2683.5 2 37253 5 ° ? 9 434 414 423 41 7 525 536 52.5 56 
10 2690.0 1 37163 6 
8 QO:(K) —P,(K) Q2(K) —P2(K) 
10 2692.9 37124 Estimated from Estimated from 
(0,1) (1,1) and (0,1), (1,1) and 
K (2,1) bands Exp. K (2,1) bands Exp. 
1 2681.6 1 37280 1 26904 1 37158 4 115 116 2 58 58 
2 2 K 2 26905 1 37156 6 169 170 3 86 87 
4 2687.2 1 37202 3 26914 1 37144 7 197 196 4 115 118 
5 2690.7 .1 37154 4 2692.9 1 37124 5 139 135 
6 2693.7 1 37113 5 2695.4 1 37089 6 171 176 
7 2697.2 1 37065 6 2697.7 1 37057 8 223 228 
8 27020 1 36998 8 27053 1 36954 
9 2706.0 1 36943 9 27094 1 36897 —1) —P,(K) —1) —P2(K) 
10 2711.5 1 36869 K Estimated Exp. Estimated Exp. 
P, P, 6 4 141 138 
7 7 45 24- 5 171 170 
1 2684.3 1 37243 1 2693.3 1 37118 210 208 
2 2687.2 1 37202 2 2694.8 1 37098 7 245 244 
3 26914 1 37144 3. 2697.7 1 37057 
4 2695.6 1 37086 4 2701.55 1 37006 R,(K —1) —Q.(K 
6 2706.1 1 36943 5 2705.3 1 36954 ) 0: 
7 2711.5 1 36869 6 2710.6 1 36881 ry 
a 148 146 3 98 98 
7 2715.6 1 36813 6 217 14 
8 ane 1 36726 7 251 250 
* Note. The plates show two broad lines with unresolved 
components, one extending from 37,250 to 37,270 cm ! and 
the other from 37,208 to 37,224 cm™!. The starred assign- 
ments fall within the limits of these broad lines. 
TABLE IIT. \2447 band. 
Parte IV. 
00) 4,0) 20) 00) 49) 20 
K t it Y vac K An t sity Vvae J) 7) 
Q (K) —Q.(K) —PAK) 
2 2454.7 2 40725 %7¢ 49.56 49.47 49.51 50 3 87.09 87.02 86.82 84 
3 2455.7 1 40709 8& 44.54 44.21 4440 42 6 57.07 57.06 56.90 59 
7 51.50 51.09 51.16 50 
5 2455.7 1 40709 
6 2461.8 1 40608 Oi(K) —Pi(K) Q2(K) —P2(K) 
7 2462.2 1 40602 7 2465.2 2 40552 Estimated from Estimated from 
8 2466.2 2 40536 8 2468.7 1 40495 the (0,0), (1,0) and the (0,0), (1,0) 
9 24714 2 40450 (2,0) bands. and (2,0) 
10 2476.1 1 40374 Exp. bands. Exp. 
7 199 201 1 26 26 
P, P» 8 224 224 3 86 84 
1 2456.3 2 40698 6 171 172 
7 199 201 
3 2455.7 1 40709 3 2400.8 1 40625 
5 2467.8 2 40510 Oi(K —1)—P,(K) —1) -P2(K) 
6 2468.7 2 40495 6 2472.3 1 40436 Estimated Exp. Estimated Exp. 
7 24744 «+1 = 40401 7 2477.5 1 40351 8 290 290 3 109 100 
8 24799 1 40312 7 256 257 
9 2489.0 1 40165 9 325 329 
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Q(1) from the known bands, and the usual for- 
mula for calculating vibrational energy 


G’ =’ (v+1/2)+xw’(v+1/2)? 


it was possible to estimate the positions of P(1) 
and Q(1), the average initial lines of the P and Q- 
branches for the (3,0) and (3,1) bands. A process 
of graphical extrapolation based upon the (0,0), 
(1,0) and (2,0) bands served to indicate where 
the higher members of the (3,0) band should be 
located relative to the initial line. A similar 
process based upon the (0,1), (1,1) and (2,1) 
bands served the same purpose for the (3,1) band. 
The graphical extrapolations were supplemented 
and checked by combination relations giving 
values for A, F” and from the bands al- 
ready known as these should be the same for all 
bands having the same final level. The experi- 
mental values were then fitted to the curves and 
tested by the doublet separations and various 
combination relations derived from the stronger 
and more accurately known bands as indicated 
below. Table I gives the wave-lengths and fre- 
quencies of the lines observed together with the 
proposed series assignments for the \2676 band. 
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Table II lists the doublet separations and 
combination relations wherever data are avail- 
able. Because of the somewhat fragmentary 
character of the bands, data are not available in 
all cases to make these complete. Table III 
gives the wave-lengths and frequencies together 
with the proposed series assignments for the 
2447 band. Table IV lists the combination rela- 
tions obtainable from Table III. 

The final check consisted in computing values 
for B’ and B” for all cases for which data were 
available. All were given equal weights and the 
arithmetical average taken. Since no R-branches 
were observed for the \2247 band, it was neces- 
sary to base the computations upon the P and Q 
differences only, which will be slightly in error 
because the P and Q lines represent different 
final levels because of A-type doubling. From 
Mulliken’s energy level diagram for OH,’ it is 
readily seen that Q(K) — P(K) = F’(K) — —1) 
if we neglect A-type doubling, the effect of which 
is likely to be less than the probable error here. 
Starting with Kemble’s relationship,! F(K) 

= B(K+1/2)?+D(K+1,/2)' we can derive the 
following relations. 


Q(K) — P(K) = F’(K) — —1) =2B'(K)+D'(4K*+K), 
Q(K —1) — P(K) = F"(K) — F"(K —1) =2B"(K)+D'(4K*+K), 
R(K —1)—P(K +1) = +1) — F"(K +1/2)*+(K+1/2)). 


D' and D” were computed from the formula 
D,=D,+B(V+1/2) 


by using the values for the constants from 
Johnston, Dawson and Walker.' Table V gives 
the calculated values of B’ and B” for all cases 
for which data are available in the case of both 
bands. 

In the case of both bands the values for B’ 
check sufficiently well with the value calculated 
for B;’, 14.37, to indicate that the initial vibra- 
tional state for both bands is v= 3. The value 18.4 
for B” in the case of the \2447 band agrees within 
the limits of error with Jack’s value, 18.479, which 
is based upon similar simplifying assumptions 
and obtained by least square solutions from the 
more accurate data of the (0,0), (1,0) and (2,0) 


* Mulliken, Phys. Rev. 32, 388 (1928). 


TABLE 
\2447 Band 
Q(K —1) 
K QUK)—P(K) B’ K —P(K) 
3 86 14.4 3 109 18.2 
6 171 14.4 7 256 18.5 
7 199 14.4 & 290 18.3 
7 199 14.4 9 325 18.4 
& 224 14.3 Average 18.4 
Average 14.4 
\2676 Band 
2 58 14.5 4 138 17.3 
3 86 14.4 5 170 17.2 
4 115 14.4 6 212 17.7 
5 135 13.7 7 244 17.6 
6 171.5 14.4 
7 196 14.2 R(K —1) 
x 218 13.9 —P(K+1) 
Average 14.2 3 247 17.7 
6 458 17.6 


‘Kemble, Phys. Rev. 30, 387 (1927). 
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bands.’ The conclusion therefore seems justified 
that this new band is the (3,0) band of neutral 
OH. In the case of the \2676 band, B” has an 
average value of 17.5 while Jack’s value is 17.775, 
derived from the (0,1), (1,1) and (2,1) bands, 
which would indicate that the final level here 
represents the vibrational state v=1. This band 
is therefore identified as the (3,1) band of neu- 
tral OH. 

In addition, five faint lines were found between 
the lines of the ““Ro, singlet series of the (0,0) 
band. These seem to check well with some of the 
lines found by Johnston and Dawson’® in water 
containing a much higher concentration of H? 
and attributed by them to OH®*. Since the wave- 
lengths and frequencies for the entire branch will 
doubtless be published by these authors, it seems 
unnecessary to give our less accurate values for 
part of it. 

The singlet series ““R., at the head of the 
2608 band reported by Almy and Rahrer’ has 


5 Jack, Proc. Roy. Soc. (London) A118, 647 (1928). 
® Johnston and Dawson, Naturwiss. 26, 495 (1933). 
7 Almy and Rahrer, Phys. Rev. 38, 1816 (1931). 
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also been observed. In addition the nine lines 
listed in Table VI have been found that fall 
about where the (4,1) of neutral OH would be 
expected. It has not been found possible to 
classify them. 


TABLE VI. 

Aair Aair Vvac, 
2541.1 39341 2552.9 39159 
2545.1 39279 2554.4 39136 
2546.6 39256 2556.2 39109 
2548.2 39231 2559.3 39061 
2550.2 39201 
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Physics Laboratory of the University of Mich- 
igan. 
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Experiments have disclosed peculiar asymmetries in the 
intensity distribution of pressure broadened lines. The 
present paper is devoted to their explanation. The simple 
case of a one-dimensional gas is considered and an ex- 
pression for the line contour developed. By graphical 


methods we have calculated the line contours corresponding 
to three typical interaction curves. Results are given in 
Figs. 1 to 3. The conclusion is that, by taking proper 
account of the repulsive portions of the energy curves, the 
empirically found asymmetries can be reproduced. 


HE effects of foreign gas pressure on an 
absorption line are usually a shift to the 
red and an asymmetrical broadening to the red. 
Both can be explained by assuming attractive 
forces, i.e., energy curves which increase with 
distance, between the absorbing atom in its 
higher state and the perturbers. There are, how- 
ever, some noteworthy exceptions from this gen- 
eral rule. Fiichtbauer and his collaborators' have 
observed that He produces a red shift, but slight 
broadening to the blue in the line Hg 2537. The 
same effect exists for the D-lines of sodium? if He 
is used as the perturbing gas. 

Another rather interesting observation has 
recently been made by Fiichtbauer and Géssler.* 
They find that different spectral lines of the same 
series (first three members of the principal series 
of Cs) show markedly different asymmetries if 
broadened by the same gas. Watson and Mar- 
genau’ investigated the corresponding lines of 
potassium and found, though not an actual re- 
versal of the asymmetry in passing from the 
second to the third member, as did Fiichtbauer 
and Géssler, an indication of greater symmetry. 

We know, of course, that these peculiar phe- 
nomena reflect some properties of the interaction 
curves, and it seems pertinent to inquire what 
they are. A tentative explanation of the first men- 
tioned features has already been suggested; it 


'C. Fiichtbauer, G. Joos and O. Dinckelacker, Ann. d. 
Physik 71, 204 (1923). 

7H. Margenau and W. W. Watson, Phys. Rev. 44, 92 
(1933). 

*C. Fiichtbauer and F. Géssler, Naturwiss. 21, 315 (1933). 

*W. W. Watson and H. Margenau, Phys. Rev. 44, 748 
(1933). 


will be made more evident in this note. At the 
same time, the considerations here presented will 
illuminate the later findings of Fiichtbauer and 
Géssler, Watson and Margenau. We shall make 
the simplest possible assumptions and study the 
effect of various shapes of interaction curves upon 
the intensity distribution within a pressure 
broadened line. 

The method of calculation will be that used in 
a previous paper.° It consists in determining the 
probability of emission of a given frequency », 
and this probability is taken to be proportional 
to the relative time during which the system 
(absorbing atom + perturbers) is capable of 
absorbing this frequency, i.e., the time during 
which the vertical difference between the inter- 
action curves for the upper and lower state has 
the value hy. This method of statistical analysis 
for the purpose of calculating line widths has 
been criticized by Lenz,® who claims that it 
leads to correct results only for extremely high 
pressures, and wishes to replace it by a Fourier 
analysis of the varying electric moment of the 
vibrating atom. It may be shown,® however, that 
the two methods lead to similar physical results, 
for they produce equal shifts, equal ‘‘standard 
deviations” of frequencies within the spectral 
line, and equal asymmetries. They differ only 
with regard to physically insignificant details. 
The method here chosen is applicable without 
pressure restrictions, although, to be sure, it 
neglects natural line width, Doppler effect, and 
collisions of the second kind, in which we are not 
at present interested. 


*W. Lenz, Zeits. f. Physik 80, 423 (1933). 
® Details will be given elsewhere. 
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To avoid lengthy calculations which, if carried 
through, introduce nothing essentially different 
from the simpler analysis here presented, we 
consider a one-dimensional case. The absorbing 
atom, regarded fixed at the origin, is subject to 
energy perturbations due to numerous perturb- 
ers, all of which move without appreciable ac- 
celerations along the x-axis. The latter will be 
considered distributed completely at random with 
regard to positions; we are neglecting the portion 
of the Boltzmann factor involving coordinates. 
The interaction between the absorbing atom and 
one perturber is described by two energy curves, 
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one for the upper, and one for the lower state of 
the absorption. Let the energy difference between 
them minus the normal energy of the transition, 
for a given distance x from the origin, be f(x). 
In general, the lower curve is nearly straight, so 
that f(x) may be regarded as approximately the 
energy of the upper curve. If there are altogether 
n perturbers and the range to which they are con- 
fined is L, the intensity of frequency vy differing 
from the normal frequency v» by hv is found by in- 
tegrating dx,dx2---dx,/L" over that part of con- 
figuration space in which f(x,)+f(x2) +--+ f(x,) 
= I. Hence, with the familiar Dirichlet factor, 


L L 


— 0 


The n-fold integral over configuration space is, of course, simply [ /o“e'*/‘dx |". We wish to evaluate 
(1), assuming for f(x) a curve sufficiently general to permit comparison with physically plausible 
types of interaction. It is difficult to find an analytical expression for f(x) that can be handled; 
hence it will be necessary to construct this function by compounding several straight lines. Diffi- 
culties in connection with infinite derivatives will not arise. Let f(x) = g(x) —v, L, where ¢(x) is given 
by Fig. 2a, but with a not necessarily equal to d. We are subtracting the small quantity v/Z to take 
account of the fact that f(x) in reality approaches 0 only asymptotically, not at a finite distance x;. 
Division of the constant v by L is an expedient way of insuring that the intensity distribution will 
not depend on the “volume” of the gas, in our case on the range L, but only on the pressure. An 
inspection of Eq. (1) shows at once that the effect of the term v/Z in I(V) is to replace every f(x) 
by ¢(x) and V by V+(n/L)v. This merely means a constant displacement of the intensity curve along 
the abscissae, that is, a shift to the red. We can, therefore, by this simple artifice produce any red 
shift we desire and still account for the asymmetry of the line by a suitable choice of ¢. 

Denoting by a, 8, y the slopes of g(x) in the ranges: (0,x,), (21, x2), (x2, X3), respectively, we have 


B= —d/(x2—%); 


=d/(x3—X2). (2) 
Then, by dividing the range from 0 to L into four parts and adding the contributions of each, one 
finds after some simple algebra 

dx = F(p) = (1/ip)[a"(1 + (1 — J4+-L — 


0 


If we substitute (2), write the exponentials as trigonometric functions and put x L=/, this becomes 


l;—l. ly I; 
P(e) sin pa+ sin —cos pa) —- 
pa pd pa pd 


pd) | (3) 


Call the contents of the | |, diminished by 1, uw. m being very large, it is permissible to replace 
[F(p)]" by L"e"". This expression is to be introduced in (1) in place of the integral over configuration 
space. Before making the substitution, however, we observe that (1) can be written: 


L™ sin (3pdV) 
I(V)dV= dp - fe F( — p)"}, 
T p 


where v’ is put for (n/L)v. Therefore, on account of (3), 


— 
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pe sin (Red) 
ent pa sin pd sin pd 
p 


nly n(ls3—1,) 

1 (1—cos pa) (1—cos ni) (4) 
pa pd 

Except when |’=0, no error is made if sin (Spd) p is replaced by dV 2. For V=0, the resulting 

integral diverges. But (4) is regular at this point, so that we can simply ignore this singularity of the 

abbreviated integral. Let us further change the variable of integration to \=pd, and put a/d=x. 


(4) then takes the form 


0 


xd 


This expression is seen to be independent of the 
position of the minimum of f(x). But this fact 
has no physical significance; it results from our 
choice of equal probabilities for the space distri- 
bution of the perturbers. 

Expression (5) has been evaluated for different 
sets of values of the parameters involved, corre- 
sponding to different types of f(x). We are repro- 
ducing the three (Figs. 1, 2, 3) which seem most 
interesting. It will be noticed that the integrand 
in (5) does not vanish for large 4. Nevertheless 
the range over which graphical integration is 
necessary is not too large, for as \ increases the 
integrand becomes a cosine function the contri- 
bution of which can be computed. For different 
values of I’, the graphical integrations had to be 


acl 
x— 
(a) 
0 
Vid 
(b) 


_ Fic. 1. Curve 6 represents the contour of a spectral 
line corresponding to an interaction curve f(x) given by 
curve a. 
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extended over different ranges, of course. The 
work is a little tedious, but straightforward. 

The order of magnitude of the constants in 
f(x) is easily found. We know experimentally 
that the minimum of f(x) lies approximately 
10-7 cm from the origin. If the pressure is about 
37 atm., the number of perturbing molecules per 
unit volume is 10*7', so that /L=10". Hence 
nl,, or nie, is about 1, since /=x/L. Values of 
magnitude unity should therefore be used in 
calculating (5). The magnitude of d need not be 
specified, for we shall plot 7(1’) as a function of 
Vd and ignore normalization. 


= 0 
(b) 


Fic. 2. Curve b represents the contour of a spectral 
line corresponding to an interaction curve f(x) given by 
curve 4a, 
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_ Fic, 3. Curve 6 represents the contour of a spectral 
line corresponding to an interaction curve f(x) given by 
curve 


Fig. 1 represents a case which seems rather 
common. We have taken «x = 0, /; = 0, n(/3;—/,) =2, 
so that the energy curve has no positive portion 
at all. The corresponding spectral line is shifted 
to the red, strongly broadened to the red. It has 
no intensities to the blue of the undisplaced posi- 
tion. In reality f(x) has a small positive portion, 
so that the contour of the line extends a little to 
the blue of the origin. v has been taken to be 0. 

In Fig. 2 the values «=1, ml; =}, =3, 


L 
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v=0, have been chosen. f(x) rises above 0; the 
resulting line is practically symmetrical, but 
shifted to the red. This case corresponds some- 
what to the broadening of Hg 2537 or the 
D-lines by He. 

In Fig. 3 the positive portion of f(x) has been 
taken rather large, the minimum sharp. Here 
k=1, nl,=1, n(ls—l,) =}, (n/L)v=d. The spec- 
tral line is broadened to the blue, shifted to the 
red. Fiichtbauer and Géssler’s* observations indi- 
cate that in passing from the 7p to the 8p-state 
of Cs the interaction curves change from the type 
of Fig. 1 or 2, to that of Fig. 3. This implies an 
increase in the atomic radius, which should, of 
course, take place. 

While the general character of the curves f(x) 
here chosen is significant, the constant « has 
little meaning because of the neglect of the Boltz- 
mann factor. In a real case, the upper curves go 
up more steeply toward zero. But it must be re- 
membered that, at about the distance of the 
kinetic theory radius, the lower curve also turns 
up very strongly, preventing closer approach. The 
value of f(x) at the origin should therefore be 
interpreted as the energy difference at the dis- 
tance of closest approach rather than at r=0. It 
makes no difference in our statistical analysis 
whether the origin of abscissae in f(x) is taken to 
be 0 or some finite value. 

The shift of the intensity distributions here 
discussed is given by (n/L)ff(x)dx, hence is 
proportional to the pressure. To prove this, 
write in accordance with (1) et seg.: 


d sin (Ap) 
= lim — ————_- 
pp 


If this is integrated by parts, one term vanishes, 


| d 


p 


d 


and the other reduces to 


since, by (3), F(0)=L and F’(0) =i f ¢(x)dx. Because of the definition of f(x) =¢(x)—v/L, this is 


equivalent to the statement above. 
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The hyperfine structure of the sodium PD lines from a 
liquid-air cooled Schiller tube was observed with a Fabry- 
Perot interferometer. Each line has two resolvable com- 
ponents; the separations are: for (45890), 0.0555 em |, 
for DP, (\§896), 0.0612 cm '. The total h.f.s. splitting for 


INTRODUCTION AND APPARATUS 


HE object of this work on the hyperfine 
structure of the sodium P lines was to 
establish a definite value for the nuclear spin 
and an approximate estimate of the magnetic 
moment of sodium. 
Previous work!:*)* © is summarized in 
the footnotes. 
Ritschl’ liquid-air cooled Schiiler lamp 
excited by a 1500 volt generator was the source. 


' Frisch and Ferchmin, Naturwiss. 18, 866 (1930). The 
h.f.s. of \A3631 and \A3553 gave nuclear spin }. 

? Heydenburg, Larrick and Ellett, Bull. Am. Phys. Soc. 
7, 21 (1932) gave a spin of 1 from polarization of resonance 
radiation. From a more precise theory which takes into 
account the proximity of the h.f.s. levels in the P; level the 
experimental value for the polarization in zero field gives, 
however, 7='. This result was ascertained by Ellett using 
the theory of Breit, Rev. Mod. Phys. 5, 91 (1933) and we 
are indebted to Professor Ellett for communicating this 
result to us before publication. 

‘Loomis and Wood, Phys. Rev. 32, 223 (1928) reported 
a spin greater than ! from band spectra. 

‘Schiller, Naturwiss. 16, 512 (1928) reported the lines 
\AS886 and 5890 as double, the separations being 0.023A 
and 0.0214 with intensity ratios 2.5 and 2.0. Since these 
ratios are not corrected for possible reabsorption, one can 
only conclude that the nuclear spin is } or greater. 

* Murakawa, Inst. Phys. and Chem. Research, Sci. 

’apers, No. 398, Dec., 1932, gives a spin of } from an esti- 
mate of the relative intensities of the components of 45890. 

® Heydenburg and Ellett, Bull. Am. Phys. Soc. June 2, 
1933 have determined the h.f.s. splitting of the 3P; and 
4P) levels from a study of the influence of the Paschen-Back 
effect on the polarization of resonance radiation. From 
these measurements the magnetic moment can be estimated 
as approximately 2.5, 1840 Bohr magnetons. 

* Ritschl, Zeits. f. Physik 79, 1 (1932). 


the 3°S; state is 0.0583 cm‘, for the 3°?) state 0.0050 
em ‘and for 3*P; 0.0083 em '. Relative intensity measure 
ments are consistent with a nuclear spin of |. The nuclear 
magnetic moment is calculated as 2.7 1840 Bohr mag- 
netons. 


Argon at about 1 mm pressure purified by a 
misch metal are was circulated through the lamp. 
Upon cooling with liquid air the D lines came 
out with fair intensity in twenty seconds, with 
the spectrograph alone or about six minutes with 
the interferometer with currents as low as 0.04 
ampere. No other lines of sodium were emitted 
with appreciable intensity, however, with cur- 
rents less than 0.4 ampere. 

The optical system consisted of a Fabry-Perot 
interferometer and a Hilger constant deviation 
spectrograph equipped with a one-meter camera. 
The interferometer was placed between the 
collimator and the prism of the spectrograph. 
Spacers ranging from 14 mm to 25 mm in 
thickness were used. As the dispersion of the 
spectrograph was not sufficient to permit an 
individual study of the D lines, it was necessary 
to choose spacers of such thickness that the 
patterns of the two D lines did not overlap. 
In order that the lines D, and PD, should fall 
evenly spaced and alternately, the thickness of 
the spacer must be such that the frequency 
difference between the D lines (17.2 em™') is 
(n+1 2) times the spectral range. Such spacers 
were those of 15.53 mm and 20.20 mm thickness. 


INTENSITY \MIEASUREMENTS AND NUCLEAR SPIN 


Special care was used in handling and cali- 
brating the plates. Since slight chemical fogging 
rendered the plates unreliable fresh plates (East- 
man 2F and 4F) were used. They were developed 
for four minutes in M.Q. developer at about 
13°C, 
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A vertical slit 3 mm wide was placed in the 
camera in front of the photographic plate. The 
prism was adjusted so that the D lines passed 
through the middle of the camera slit. Exposures 
were then made of the interferometer patterns. 
The plates were next calibrated for intensity by 
removing the interferometer and placing a hori- 
zontal slit across the vertical slit of the colli- 
mator. The source was then replaced by a 
tungsten filament lamp operated on the 110 volt 
a.c. circuit. The horizontal slit on the collimator 
restricted the light reaching the plate to a 
narrow horizontal band which was limited by 
the camera slit to a small spectral region close 
to the D lines. Intensity marks were put on the 
plate by running various exposures of from 5 to 
160 seconds of this band of light. Between each 
exposure the plate was slipped up slightly so 
that the intensity marks appeared in the form 
of a number of bars arrayed one above the other. 
The intensity of each mark was taken as propor- 
tional to the exposure time raised to the power 
p where p is Schwarzschild’s constant. From 
the densitometer trace of these marks a graph 
was then drawn for each plate showing intensity 
(as measured in exposure time) as a function of 
density (deflection of galvanometer on densi- 
tometer). 
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On several photographic plates there were two 
groups of intensity measurements: one for the 
relative intensity of the D lines as photographed 
directly and the other for the relative intensity 
of the components in the etalon patterns. The 
measured relative intensity of the D lines was 
unreliable because, in order to be resolved, the 
lines had to be very narrow. For this reason the 
ratio (Dout+ De), (Diat+D,), taken directly from 
the Fabry-Perot pattern, was used as a measure 
of the absorption. Ds, and Ds, are the components 
of Ds(X\5890) and D,, and Dy, are those of 
D,(45896), the component in each case 
being the stronger. A print of a plate and the 
densitometer trace of a Fabry-Perot pattern are 
shown in Figs. 1 and 2a. 

In attempting to measure the relative intensi- 
ties of components by means of a Fabry-Perot 
interferometer, an analysis of the pattern given 
by the instrument must be made. The shape of 
a spectral line as given by the interferometer is 
mainly due to three effects. 

(1) The instrument has a finite resolving 
power and thus gives a line of finite width. The 
shape of the line due to this alone may be 
calculated from 


I=A [a?+sin® (rx, Ax) ], 


hic. 1. (a) Complete photograph of a plate taken with a 15.53 mm spacer: ()) Enlarged part 
of pattern with a 20.20 mm spacer. 
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. (a) Densitometer trace of a 20.20 mm spacer pattern; (b) Densitometer trace of a 20.29 mm 


spacer pattern. 


where 


p is the reflecting power of the silvered surface, 
Ax the distance between orders and x the 
distance from the center of the line, the pattern 
being first drawn out to a linear scale of dis- 
persion. 

(2) The line as emitted has a finite width. 
This was assumed to be due mainly to tempera- 
ture, although there may be some pressure effect. 
The Doppler width may be calculated from the 
relation 

I=I, exp [ —4(x—x0)*/ A? ], 
where 
A=0.86X10-°X A(T) M)! 


and is the width of the line at the point where 
the intensity has fallen to 1 e of its peak value. 

(3) Also it is generally true that in addition 
to the light which forms the interference pattern 
of an etalon there is some diffusely scattered 
light, which forms a background which at every 
point is roughly proportional to the intensity of 
the neighboring interference fringes. 

To estimate the influence of the first of these 
effects a curve was plotted for a_ reflection 
coefficient of 90 percent. This reflection coeffi- 
cient was determined by taking exposures of 
from 10 to 100 seconds in 10 second steps, with 
the plates of the interferometer slightly out of 
parallel and placed inside the spectrograph in 
its usual place so that the observation could be 


made for any wave-length. Multiple reflections 
from the surfaces of the plates were thus photo- 
graphed. The first reflection in the 10 second 
exposure had about the same intensity as the 
seventh reflection in the 40 second exposure. 
We have then 


40X(p?)?=10 or p=2-"7=0.90 


or with Schwarzschild’s constant p=0.92. The 
line thus plotted had a width at half height of 
thirty percent of that of the experimental curve, 
obtained by a method described later. 

A Doppler curve for 230°K was combined 
with the interferometer curve for 90 percent 
reflection. The height of the resultant curve at 
a distance of 0.07 cm™'! from the center was less 
than two percent of the height at the peak. 
The width of this curve was slightly greater than 
that of the experimental curve, and thus corre- 
sponded to a temperature slightly higher than 
that of the source, which was estimated to be 
approximately 200°K. 

The computation of the effect of pressure on 
the shape of the line is too complicated to be 
practical. The measurements themselves show, 
as will be seen later, that it may be neglected. 
To estimate the height of the diffuse background 
a spacer of thickness 2.029 cm, which shifted the 
components of D, so that they partly overlapped 
those of Ds, was used. This spacer opened a gap 
between D,, and D,, of the next order. The 
height of the densitometer trace was nearly 
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constant in the central portion of the gap. This 
height was taken as that of the background and 
was 13 percent of the height of Do. It was 
further noted that the height of the background 
between orders was approximately proportional 
to that of the interference fringes of the neigh- 
boring orders. These conclusions were reached by 
drawing out to a linear scale of intensity and 
dispersion several orders of the densitometer 
trace for the 2.029 cm spacer. An order of one 
of the patterns used for determining the back- 
ground is shown in Fig. 2b. The flat portion, 
which was assumed to represent the diffuse 
background, was at a distance of about 0.07 cm~! 
from the center of the D2, component. From 
the discussion above it appears that the com- 
bined influence of Doppler broadening and the 
finite width of the line given by the interfer- 
ometer would account for a height of not greater 
than two percent of D,, at this distance from 
the center. Assuming this value to be correct the 
height of the diffuse background, which was 
everywhere subtracted from the densitometer 
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trace, was (13—2)=11 percent of the nearest 
Dz, component. This estimate does not take 
into account the possible influence of pressure 
broadening on the shape of the line. If this were 
important the final corrected intensity ratios 
would be different for spacers giving different 
distances between the components. This is not 
the case. For one spacer [25.11 mm } the compo- 
nents were arranged so as to cancel the pressure 
effect. 

The shape of the lines was determined graphi- 
cally by resolving the contour of the Dz» line 
into its component parts. This contour was 
obtained by converting the densitometer trace 
of that line formed by a 15.53 mm spacer to a 
linear scale of intensity and dispersion (see 
Fig. 3). The procedure followed was first to 
subtract from the contour of the converted trace 
a background consistent with that chosen for 
intensity measurements and then to find two 
symmetrical curves which, when added together, 
would give the original contour. This gave the 
influence on both the position and height of one 


Fic. 3. Graphical analysis of components of D2. 
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component by the other. From the width and 
separation of the components, similar corrections 
were ascertained for the D, line. This method 
showed that the mutual influence of the compo- 
nents caused the Dz», interval to appear 0.0020 
cm~!, and the D, interval 0.0005 cm™! less than 
their true values. The only appreciable effect on 
intensity was that of Do, on Dg, in which the 
latter was increased by two percent. 

In addition to the corrections discussed above, 
it was necessary to locate and allow for the 
fringes of the argon line 5912, which was 
emitted by the source with sufficient intensity 
to require consideration. The intensity of this 
line was measured on each plate by taking a 
relatively long exposure (20 minutes) of the D 
lines directly without the etalon and comparing 
the intensity of the argon line in this exposure 
with the intensity of the Ds» line of a shorter 
exposure. From these data the intensity of the 
argon line relative to De, was calculated. 

The resolving power of the densitometer itself 
was found by direct tests to be sufficient to 
trace contours which were much narrower than 
the D line components. 

The problem of determining the nuclear spin 
of sodium from h.f.s depends upon the measure- 
ment of the relative intensities of the components 
of the D lines. One must distinguish between the 
relative intensities of lines as emitted by the 
atoms and those as emitted by the source as a 
whole. Partial reabsorption of the light in the 
source tends to diminish the intensity of the 
strong relative to the weak lines. 

Ladenburg and Levy* have investigated the 
case of uniform absorption and derived relations 
from which corrections for absorption may be 
calculated. It must be pointed out that cor- 
rections so obtained are only approximate since 
absorption in the source was not strictly uniform. 
By assuming the width of the line to be due 
entirely to Doppler effect, the total radiation in 
a spectral line is given by 


B, KCS, 


where K is a constant depending on the condition 
and dimensions of the source, C is proportional 
to the number of virtual oscillators per unit 


* Ladenburg and Levy, Zeits. f. Physik 65, 189 (1930), 
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volume with frequency corresponding to that of 
the spectral line, and S is the Doppler width. 
The height of the line, providing the resolving 
power is high compared to the Doppler width, 
is proportional to 


B,,=1—exp (—C). 


The relative intensities of the components are 
given by 


Dag : De, : Dy = (21+ 2) (21) (i+1) 


when no reabsorption occurs. The quantities C 
are proportional to these intensities.* Therefore 


C(2a) = (2i+2)K; C(2b) =2iK 


C(la) =(1+1)K; C(1b) =iK, 


where K has the same value for all the compo- 
nents. 

From the above equations values of C for each 
component are obtained for several assumed 
values of K. The CS corresponding to each value 
of C was found in the tables given by Ladenburg 
and Levy. From these B; and B,, were calculated 
for each component. The expression 


De 
D, 


is the overall intensity ratio of the total radiation 
in De to that in D,. The ratio D./D, is that 
which would be measured by the spectrograph 
directly since its resolving power is too small to 
resolve the shape of the spectral line. The height 
of the densitometer trace in this case is approxi- 
mately proportional to the total radiation in the 
line. The Fabry-Perot pattern resolves, at least 
partially, the shape of the components and 
therefore deals more directly with the quantity 
B,, which is the “peak intensity.” In the graph 
(Fig. 4) are plotted the peak intensity ratios 


Doe Dia Do 


’ ’ and 
Dev Dy Dra 


as functions of the overall intensity ratio D. D,, 
for spins of 7=1, 3/2, 2. 


®S. A. Korff and G. Breit, Rev. Mod. Phys. 4, 471 
(1932). See pp. 479-482. 
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Fic. 4. Dou/D», etc. ratios as functions of D»/D,. 


It will be seen from Fig. 4 that the ratio of 
the intensities of D., to D,, is not affected very 
much by the value of K, and is thus the most 
reliable source of information about the spin. 
It must be remembered in this connection that 
the above theory approximates the experimental 
conditions only roughly, because the source is 
not uniform and the width of the line may be 
due in part to other causes than the Doppler 
effect. For these reasons it is desirable to base 
conclusions on intensity ratios which are nearly 
independent of absorption, because then the 
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errors due to the imperfection of the theory are 
small. The essential point which makes this 
particular ratio nearly independent of the ab- 
sorption is the approximate equality of the 
intensities of Da, and D,, for any of the spins 
which may reasonably be considered. 

Since, as is pointed out above, the direct 
measurement of the overall intensity ratio Ds; D, 
was unreliable, the degree of absorption in 
the source was determined from the ratio 
Di») (peak intensities). The 
vertical lines on the graph illustrate the method 
by which for each value of the spin the theoretical 
peak values of Dia/Dy and Di, 
corresponding to the measured peak value of 
(Doat+ Dey) /(Dia+ Di») were obtained. Below are 
tabulated for several plates the average measured 
values of the intensity ratios corrected for the 
influences discussed above, and the corresponding 
calculated ratios for three values of the spin. 

The values of the ratios given in Table I are 
based on a value of Schwarzschild’s constant'? 
p =0.86. The value chosen for p does not however 
change the agreement with a spin of 3/2 as 
can be seen in the results on plate 72 for which 
two sets of values are given, one for p=1 and 
the other for p=0.86. 

As is pointed out above, the ratio Dy,/ Dj, is 
the most reliable for determining the spin since 
it does not depend critically upon the absorp- 
tion.* In the recorded data, the average measured 
value of this ratio for every plate agrees particu- 
larly well with the value calculated for a spin 
of 3/2. The measurement of this ratio alone is 
sufficient to fix the nuclear spin. This evidence 
is further strengthened by the very close agree- 
ment of the ratios Ds,/Ds, and D,,/Di» with the 
values calculated for a nuclear spin of 3/2. It 
was found that with a change in the assumed 
background of as much as 50 percent, the 
resulting intensity ratios agreed with a nuclear 
spin of 3/2 nearly as well as the ratios quoted 
above. Further evidence for the validity of the 
measured ratios is contained in the data obtained 
from plate 71 for which the spacer thickness was 


1 Dobson, Griffith and Harrison, Photographic Photom- 
elry. 

* We are indebted to Professor Breit for calling our atten- 
tion to this point. 
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TABLE I, Values of intensity ratios. 


Du Di Da + Ds 
Dy Dw Dia 
Plate 72 
Measured 1.55 1.58 1.18 1.84 
Calculated 1.80 1.89 1.00 for i=1 
1.52 1.59 1.17 1=3/2 
1.40 1.45 1.28 i=2 
Measured 1.67 1.70 1.21 2.04 . 
Calculated 2.00 2.00 1.00 for t= 
1.66 1.66 1.20 j= 3/2 
1.50 1.50 1.33 4=2 
Plate 73 
Measured 1.46 1.51 1.18 1.75 
Calculated 1.69 1.83 1.00 for i=1 
1.45 1.55 1.16 i=3/2 
1.34 1.42 1.26 i=2 
Plate 66 
Measured 1.46 1.47 1.10 1.61 ; 
Calculated 1.53 1.73 1.00 for i=1 
1.35 1.49 1.13 i=3/2 
1.27 1.37 1.22 1=2 
Plate 71 
Measured 1.15 1.78 
Calculated 1.00 for i= 
1.16 = 3/2 
1.27 
Plate 85 
Measured 1.28 1.30 1.08 1.39 
Calculated 1.30 1.56 1.00 for i=1 
1.21 1.37 1.08 1=3/2 
1.15 1.26 1.14 =2 


25.11 mm. In this case Do, and Dy, fell together 
and D2, and D,, fell symmetrically on either side 
of the composite central line. The argon line 
for this spacer fell on the central line so that the 
ratio D,,/D2, required only the corrections due 
to background and mutual influence of the 
components. Because of the symmetry of this 
pattern, the results obtained are not critically 
dependent upon the assumed background and 
shape of the lines, and are thus probably the 
most reliable. 


INTERVAL MEASUREMENTS AND NUCLEAR 
MAGNETIC MOMENT 


The intervals between the components of the 
D lines were determined by converting the 
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densitometer traces of the patterns to a linear 
scale, measuring the distances between the 
centers of the components and then correcting 
these for the influence of the components on each 
other as illustrated in Fig. 3 and previously 
described. This correction was made by obtaining 
the shape of the line for the 15.53 mm spacer 
and is thus correct only for spacers of approxi- 
mately this size. It was also used for the 20.20 
mm spacer. The average values of the measured 
intervals from several plates are given in Table 
II. These results are tabulated in two groups, 
one of which was obtained with a spacer of 2.020 
cm and the other with spacers of approxi- 
mately 1.5 cm in thickness. The difference 
in the average values of the intervals for the 
two groups indicates that the shape of the line 
depends slightly upon the resolving power of the 
interferometer, the components being separated 
a little better by the thicker spacer. In the 
patterns formed by this spacer, the components 
of the Dz line fell so close to those of D, that a 
graphical analysis of the type shown in Fig. 3 
would have been difficult and the results ob- 
tained uncertain. The final results for the inter- 
vals as given in the table thus tend to be slightly 


TABLE II. Interval measurements. The probable value of dAv 
is between 0.005 and 0.007 cm™, 


Spacer thickness = 2.020 cm 
0.0537 0.0614 
.0543 .0607 
.0539 .0606 
.0544 .0610 
0543 .0610 
0613 
.0541 
.0610 


Spacer thickness = 1.553 and 1.439 cm 


.0532 .0605 

.0531 .0608 

.0526 .0603 

.0530 .0600 

.0525 .0605 

.0529 .0604 

Means .0535 .0607 
Corrections .0020 .0005 
Intervals .0555 .0612 


Av(D,) — Av(D2) = 0.0057 cm™ 
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high. The discrepancies due to this error, are 
less than the uncertainty claimed for the inter- 
vals. It is possible that the corrected intervals 
for the 15.53 and 14.39 mm spacers are the more 
reliable since the correction was actually obtained 
for this spacer and the influence of the compo- 
nents in the adjoining orders is less than with 
the 20.20 mm spacer. 

The corrections to the apparent intervals 
which were obtained from the graphical analysis 
shown in Fig. 3 depend upon the effect of the 
assumed height of the background on the derived 
shape of the line. If the height of the background 
were taken as one-half of that used, the correction 
to be applied to the apparent D, interval would 
have been 0.0026 cm™! greater, and that for the 
D, interval 0.0024 cm~! greater than that used. 
Thus the difference between the D, and D, h.f.s. 
separations appears not to depend nearly as 
critically upon the background as the intervals. 


14 


Av(D,)= 0.0547 + 0.0008 


=0.0555 cm" 


0.01 0.02 0.03 0.04 0.05 } 006 
0.0547 
C6. 
5 0.0570 + 0.0942 
| =0.0 cm 1 
H 1 
-0.01; O01 0.02 0.03 004 0.05 30.06 
0.0042 , 0.0570 


Sv(D,)-Av(0,) =0.005 7 


Fic. 5. Calculated patterns of the sodium DP lines. 


From these measurements we find that 
Av(D,) — Av(De) = 0.0057 This difference 
may be attributed to the unresolved h.f.s. of the 
3°P3/2 and 3*P,,2 states. In Fig. 5 are shown the 
patterns of the D lines. This diagram was 
constructed by making use of the nuclear spin 
determined above and the theoretical relation 
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VAN ATTA 


between the interval factors of the 3°Ps. and 
3*P) 2 levels. The magnitudes of the splittings of 
the different levels were adjusted until the 
calculated separations between the resolvable 
components agreed with the experimental re- 
sults. Each resolvable component is itself made 
up of several closely spaced h.f.s. components. 
The measured intervals were taken as distances 
between the centers of gravity of the groups of 
h.f.s. components. The measured intervals and 
corresponding differences are consistent with a 
total splitting of 0.0583 cm~'! for the 3%)» state, 
0.0083 cm~ for the 3°P)2 state, and 3/5 0.0083 
= 0.0050 cm~ for the 3°P3,2. state. The splitting 
obtained for the 3*P35,2 level is in fair agreement 
with results obtained by Heydenburg and Ellett!! 
for this same level from polarization of resonance 
radiation. 

Using the formulas given by Goudsmit"™ one 
obtains 


=2.77 


for the g value, with Z;=11, a(Ps,2) =8.3 104 
and 6=17.1 cm '. Goudsmit suggests that 
for p electrons Z; should be about equal to 
(Z—4)=7, which gives 1840¢g the value 1.76. 
This value of g can be checked by calculating a 
for the Sj» state: which 
gives a(Sjj2)=0.059 for 1840g=2.77 and 
0.038 cm for 1840g=1.76. The experimental 
value of a(Sj2) =0.058 /[ j(21+1) ]=0.029 
Heydenburg and Ellett obtain a(P3,2) = 7.7 x 10 
cm! giving 1840g = 2.56 or 1.64 with Z;=7. 

In conclusion the authors wish to express 
their appreciation to Professor Breit for his 
kind supervision and many helpful suggestions 
throughout the progress of this work. 


" Heydenburg and Ellett, Bull. Am. Phys. Soc., June 2, 
1933. 
2 Goudsmit, Phys. Rev. 43, 636 (1933). 
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Prompt publication of brief reports of important 
discoveries in physics may be secured by addressing 
them to this department. Closing dates for this 
department are, for the first issue of the month, the 


PHYSICAL 


REVIEW VOLUME 44 


THE EDITOR 


twentieth of the preceding month; for the second 
issue, the fifth of the month. The Board of Editors 
does not hold itself responsible for the opinions ex- 
pressed by the correspondents. 


An Attempt to Discover Radiation at Low Critical Potentials in Mercury Vapor 


Low critical potentials have been observed in mercury 
below 4.7 volts by Jarvis,! by Nielsen,? by Pavlov and 
Sueva’ and others. Kondratjew* has proposed a metastable 
state at about 2 volts based upon thermochemical con- 
siderations. R. G. Loyarte® attempts an explanation (not 
well received) on the basis of the rotation of the mercury 
atom as a free axial rotator, whose energy values change 
by multiples of 1.39 volts. This figure fits in pretty well 
with the differences of critical potentials observed by 
Jarvis and Nielsen. 

The authors undertook a spectroscopic study to deter- 
mine whether any radiation could be observed at these 
low potentials. The tubes used were of the same general 
type as those used by Foote and Mohler (Bureau of 
Standards) in the stage excitation of the magnesium 
spectrum. High capacity emission filaments were secured 
from Dr. E. F. Lowry of the Westinghouse Laboratories. 
A fast glass spectrograph of low dispersion was used for 
wave-lengths above 6500A and the Hilger E-3 for wave- 
lengths below 6500A. The Eastman infrared plates, types 


N, P, and Q were used. The exposures were from 2 to 10 
hours. In all cases except one the results were negative 
and in this one there is a slight doubt as to whether the 
effect was identical with that obtained from the filament 
alone, no mercury present. Work is to be continued from 
a somewhat different angle. 

The authors wish to express their appreciation to the 
National Research Council and to Ohio Wesleyan Uni- 
versity for grants-in-aid and funds to carry on this investi- 
gation. 

C. W. Jarvis 
E. N. SHAWHAN 
Ohio Wesleyan University, 
Delaware, Ohio, 
June, 1933. 


'C. W. Jarvis, Phys. Rev. 27, 808A (1926). 

* Nielsen, Phys. Rev. 31, 1123A, 1134A (1928). 

* Pavlov and Sueva, Zeits. f. Physik 54, 236 (1929). 
* Kondratjew, Phys. Zeits. 32, 288 (1931). 

*R. G. Loyarte, Phys. Zeits. 30, 923 (1929). 


The Representation of Radiation Reaction in Wave Mechanics' 


It is well known, from a theorem of E. H. Kennard, 
that the wave-mechanical ¥ equation leads to the conclu- 
sion that the centroid of the wave-mechanical electron 
moves according to the classical electrodynamic equation 
of motion in which, however, the terms representing what 
is commonly called radiation reaction are absent. Ken- 
nard’s demonstration applies only to the nonrelativistic 
case, but any relativistic ¥ equation which is to represent 
the facts must lead to a similar conclusion with, however, 
the mass acceleration replaced by md /dt{v/(1 —v*/e)}}, 
where v is the velocity of the centroid of the electron. 
We shall short circuit the difficult question of establishing 
this theorem, and suppose only that there exists a y 
equation in terms of which it can be established so that 
in fact the ¥ equation leads to 


md 3 

- = E+—— 1 
J 
where § is the velocity of the centroid, E and H are the 
external electric and magnetic fields, p and pu are the 


charge density (normalized to unity) and the current 
density, which the wave-mechanical equation _ itself 
provides as the proper quantities for this purpose sat isf ying 
the equation of continuity. 

The equation of motion including radiation reaction 
terms may be regarded as the equation which is obtained 
by operating on the left-hand side of (1) with the operator 
| 1 —aykd /dt + which we shall call 
Here a;, az, etc., are constants, and k= 

In the ¥ equation will occur the vector and scalar 
potentials U and ¢, in terms of which the electric and 
magnetic fields are given by E= —(1/c)0U/dt—grad ¢ and 
H=curl U. In general, the sole property which need be 
invoked of U and ¢ in order that they shall preserve the 
invariance of the equation is that U,, U,, U., ice shall 
form a 4-vector. Such other properties as restrict them to 


‘A more extended exposition of the content of this 
paper will appear in an early issue of the Journal of The 
Franklin Institute. 
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satisfy the relations div U= —(1/c)d¢/at; VU—(1/e)#U/ 
=0; ¢/d=0, while important for endow- 
ing them with their usual significance in classical electro- 
magnetic theory, play no part in the story of the invariance, 
even though they may play a part in the derivation of 
the y equation itself from certain assigned postulates. 
Hence, if in the ¥ equation we replace U and ¢ by quanti- 
ties obtained from them by operating with an invariant 
operator, the quantities so obtained, being still 4-vectors, 
will provide for the invariance of the new y equation. 
The operator kd/dt is an invariant operator when operating 
on a 4-vector, and P which is a function of kd/dt is an 
invariant operator. Hence, if in the ¥ equation U and ¢ 
are replaced by U,;=P(U) and ¢;=P(¢), the invariance 
will be preserved. The fact that the unmodified equation 
leads to (1) now results in the modified equation leading 
to (1) with P(E) and P(H) replacing E and H. For a 
case where H is sensibly constant throughout the electron, 
it can then easily be shown that the modified right-hand 
side of (1) assumes the form P(E)+[{P(H)v]/c. 

If we now take a system of axes in which the centroid 
is at rest, and if zero subscript refers to this system of 
axes, the equation assumes the form 


(m/e) (d8o/dto) = Po(Eo), 
which after operation on both sides by P,”' yields 
(m/e) = Ep. 
On transforming back to the system of axes in respect to 


which the centroid moves with velocity v, we obtain the 


desired equation with the radiation reaction terms, viz., 
m, v {vH] 
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The use of v, the velocity of the centroid, in the operator 
P is admittedly artificial, although it provides a logically 
consistent story. However, it is possible to carry through 
the argument in a form in which v in this operator is 
replaced by the velocity u which occurs in pu, the ex- 
pression for the current density. The velocity u varies of 
course throughout space. A few restrictions have to be 
placed upon the argument in this form; but, it is believed 
that they are of a trivial nature. 

The purpose of the whole investigation is not to establish 
the equation of motion with the radiation reaction terms, 
but to use the power to yield that equation as evidence in 
favor of the y equation which secures that end. It is 
admitted that such a method of deciding upon the y 
equation is not unique, but it is one which assumes a very 
natural relation to the mathematical structure of the 
theory. It is also realized that the spirit of the foregoing 
demonstration is that of the older forms of wave-me- 
chanical theory rather than that of the more modern 
forms as typified by Dirac’s theory. However, it is believed 
that the differences in the matter under discussion may 
be more apparent than real. If one admits the foregoing 
method of realizing the modified ¥ equation, the ultimate 
result is simple in statement, and consists in replacing the 
perturbing field specified by E and H by a field specified 
by P(E) and P(H). Thus, for example, in the simplest 
case, for small velocities, E becomes replaced by E + adE/0t 
as a first approximation. 

W. F. G. Swann 

Bartol Research Foundation 

of The Franklin Institute, 
October 22, 1933. 


Thermoelectric Force of Thin Films 


We have recently had occasion to sputter very thin 
thermocouples of antimony and bismuth and have found 
a significant change of thermoelectric e.m.f. with varying 
thickness of bismuth. On the other hand, no change of 
e.m.f, with varying thickness of antimony has been 
observed. 

Each metal was sputtered in purified argon on mica 
through suitable templates. Heavy layers of gold were 
sputtered over the ends of each metal to provide good 
electrical contact. The sputtering chamber was cleaned 
between each sputtering to assure freedom from contami- 
nation. 

The e.m.f. of the thermocouples was measured within a 
day of manufacture with a Leeds and Northrup Type K 
potentiometer. The resistance of the couples was not 
sufficient to impair the sensitivity of the measurements. 
The couples were mounted in an apparatus composed of 
three sets of heavy copper blocks bored to permit circu- 
lation of water. The hot junction was in contact with the 
middle set, the two cold junctions with the outer sets. 
Temperatures were determined by thermometers immersed 
in the blocks. The reliability of the temperature measure- 
ments was tested with a copper-constantan couple. 


All values given below for thermal e.m.f. are average 
values of several sets of measurements at different temper- 
ature differences between the hot and cold junctions. 


Q 

60 

ed 
° 
A 

Thickness of Bismuth 
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No variation of e.m.f. with thickness was found if the 
thickness of bismuth (2 cm) was beld constant and 
the thickness of the antimony varied from 5 X10 * cm to 
10-4 cm. When the thickness of antimony (310° cm) 
was held constant and the thickness of bismuth varied, 
a decided effect was found for thicknesses less than 10 ‘cm. 
A plot of the results obtained are shown in Fig. 1. 

Thicknesses above 19 cm yield a thermal 
corresponding to that of massive Bi-Sb. Burger and van 
Cittert,'’ in a study of evaporated films of Bi-Sb found 
the thermal e.m.f. of this couple the same as that of 
massive metal. However their thickness was 10 * cm 
corresponding to the flat part of our curve. 

We have no theoretical reason to anticipate that the 
thermal e.m.f. of thin thermocouples should be different 
from that of the massive metals. It is possible, however, 
that the low e.m.f. is due to an effect of contamination by 
an effect which might 
manifest itself more in thin layers of metal. Nevertheless 


gases during the sputtering process 
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the smoothness of the curve seems to indicate a more 
regular change than such a contamination might produce. 
A different crystalline orientation in thin layers of bismuth 
seems more likely to be the cause. R. M. Holmes? found 
no effect of change of thermal e.m.f. with thin layers of 
gold and platinum. Whether the effect is present only for 
bismuth—a metal showing rather abnormal properties 
or is a more general phenomenon will be the subject of 
further investigation. 
E. A. Jounson® 
Louts Harris! 
Massachusetts Institute of Technology, 
November 2, 1933. 


' Burger and van Cittert, Zeits. f. Physik 66, 210 (1930). 
*R. M. Holmes, Phys. Rev. 22, 137 (1923). 
* Round Hill Research Division, Department of Electri- 
cal Engineering. 

* Contribution from the Research Laboratory of Physical 
Chemistry, No. 314. 


The Inert Gas Molecules 


There is evidence from the behavior of the helium 
band spectrum in discharge tubes! carrying small currents 
that the helium molecule, although theoretically able to 
be produced in any excited state, is actually produced 
under discharge conditions from one normal and one 
metastable helium atom. The reaction can be represented 
by 


He(1'*.S) +He(2'* S)—He,(2'* ). 


Since the visible helium bands require further excitation 
of the He. molecule for production of their initial states, 
it follows that the molecule formed ir the first instance 
must have a sufficiently long lifetime for it to encounter 
an electron able to excite it further, before it passes 
alternatively to the unstable 1'S ground state. From 
electrical analysis of the discharge? it can be shown that 
this requires the molecule first formed to be metastable, 
which is true of the 2°S state, but not of the 2'S state. 
It appears then that the possibility of observing the visible 
helium band spectrum at all is closely associated with the 
metastability of the 2°D level. 


This also gives a reason for expecting that the band 
spectra of the molecules Ne», As, etc., will be difficult, if 
not impossible to excite, for, compared with He», any 
metastability will be less strong on account of the greater 
number of electrons to the molecule. This will not however 
impair the efficiency of ‘‘quenching” of metastable atoms 
of these gases by their own normal atoms, a reaction of 
the type of the above equation being followed by emission 
of ultraviolet radiation in a transition to the spontaneously 
dissociating molecular ground state. The chance that a 
molecule will be formed, temporarily or otherwise, remains 
nevertheless smaller and is probably <10° per kinetic 
theory collision between the parent atoms in the discharge.' 

K. G. EMELEUs 
O. S. DUFFENDACK 
University of Michigan, 
November 6, 1933. 
' Emeleus and Dutlendack, Phys. Rev. 44, 322A (1933). 
? Details of the calculations will be published later. 


Disintegration of Fluorine Nuclei by Neutrons and the Probable Formation of a New Isotope of Nitrogen (N'*) 


Three thousand two hundred pairs of photographs of a 
large Wilson cloud chamber filled with a mixture of 39 
percent by volume of difluor-dichlor-methane with 70 
percent of helium exhibit ten nuclear disintegrations. The 
momentum and energy relations, together with other 
evidence, indicate that most, and probably all of these are 
disintegrations of fluorine nuclei. 

Each nucleus which disintegrates is found to break 
apart into two parts, one of which has from two to eleven 
times the range of the other. The line density of the two 
fog tracks, which are coincident with respect to time of 


formation, is found to be approximately the same for the 
light as for the heavy nucleus. The only known nucleus 
which gives the relations found for the lighter particle is 
that of helium. Thus for disintegrations in which the 
neutron is captured the reaction may be considered to be 
represented by 


+ + Hey', 


in which the subscripts represent the isotopic numbers and 
the superscripts the atomic masses, 
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The velocity of the neutron (v,) immediately before the 
disintegration, the corresponding kinetic energy of the 
neutron (KE,), and the loss of kinetic energy (—AKEF) 
during the disintegration, are given for the seven disinte- 
grations for which both photographs are suitable for 


measurement. (See Table I.) In agreement with what has 


TABLE I. Disintegration of fluorine nuclei by neutrons. 


—KE 


KE, 
No. (cm per sec. (electron-volts * 19~*) 
A. By capture of a neutron. 
1 2.6 3.5 1.9 
2 3.5 6.4 2.1 
3 4.0 8.4 3.9 
B. Related to a scattered neutron (assuming capture). 
4 3.4 6.2 1.8 
5 3.7 7.2 2.9 
6 3.8 7.4 3.3 
7 4.0 8.5 5.9 


been found for the disintegration of neon and oxygen, it is 
found that in every case kinetic energy disappears when 
fluorine is disintegrated. With nitrogen it disappears, or 
less often is conserved. It seems probable that at least a 
part of this kinetic energy is converted into y-rays in 
the disintegration of fluorine, as well as with the other 
atoms. 

The average energies in millions of electron-volts of the 
neutrons which have been found to disintegrate light 
nuclei by capture of the neutron are 5.8 for nitrogen, 6.1 
for fluorine, 7.0 for oxygen, and 11.6 for neon. However 
the number of disintegrations of fluorine by capture is too 
small to insure its order in this list to be correct. 

The number of disintegrations obtained with fluorine is 
approximately the same as with nitrogen with the same 
concentration of atoms and of neutrons. The number 
decreases in the order N or F, O, Ne, C, Cl. 

The possibility should be mentioned that an electron, 
the track of which cannot be seen in the photographs, 
may be emitted at the time of the disintegration, in which 
case Oo'® would be formed. However the assumption that 
nitrogen 16 is what is formed is more in accord with what 
has been found in the disintegration of nitrogen, oxygen, 
and neon, by neutrons. If nitrogen 16 is urstable it may 
disintegrate subsequently, but this would not affect the 
calculations given in this paper. 

The relations of the transverse momentum, that is the 
momentum perpendicular to the line which gives the path 
of the neutron, make it obvious that it is the fluorine, 
rather than the chlorine nuclei which are disintegrated. 
In addition if it is assumed that the chlorine, rather than 
the fluorine nuclei are disintegrated, the mean kinetic 
energy of the neutrons which cause the disintegrations is 
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found to be 21.4 million electron-volts, an impossibly 
high value. 

The disintegrations cannot be due to oxygen, since too 
little of this element is present. While any one of the ten 
disintegrations found may possibly be that of a carbon 
nucleus, earlier work! indicates only one chance in two 
that one of the disintegrations is that ‘of this atom, 


F1G. 1. Stereoscopic photographs of the disintegration of a 
fluorine nucleus by a neutron. 


Experiments are in progress with carbon tetrafluoride 
and difluormethane, neither of which gives the possibility 
of the disintegration of chlorine. Fig. 1 shows two views 
of one of the disintegrations discussed in this paper. 

The writers are indebted to the Alexander Dallas Bache 
Fund of the National Academy of Sciences for help which 
has made this work possible. 

D. HARKINS 
Davip M. Gans 
Henry W. Newson 
George Herbert Jones Chemical Laboratory, 
University of Chicago, 
November 10, 1933. 


' Harkins, Gans and Newson, Phys. Rev. 44, 529 (1933). 
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A New Band System in Nitrogen 


A new band system of N» has been discovered in the 
spectrum of the radiation emitted in the discharge tube 
first described by me last year.' These bands correspond 
to some of the members of the so-called ¢-series observed 
by Vegard? in the luminescence of solid nitrogen and also 
recently in the spectrum of the Aurora Borealis. This is 
the first time these radiations have been reported in 
gaseous nitrogen. They were obtained in the part of the 
tube in which the afterglow was very strong and where 
high vibrational states of the molecule appeared both in 
the afterglow and jn the discharge.’ Table I shows the 
agreement between’ my wave-lengths and those that 
Vegard obtained in the luminescence of solid N». Some of 
Vegard’s bands have multiple heads whereas mine are 
single-headed, so that the comparison is between my bands 
and the closest of Vegard's. The assignment of my bands 


TABLE I. 

Kaplan Vegard Kaplan Vegard 
2335 2339 2827 2827 
2380 2385.7 2932 2934.5 
2464 2464.2 3000 3090 
2511 2513 3200 3201.5 
2605 2005.9 3430 3429 
2760 2759.9 


to a vibrational level scheme differs from that of Vegard 
and indicates that the lower state of this system is the 
normal state of the molecule. This was also pointed out 
by Vegard, but on the basis of less certain evidence and a 
different assignment. According to my scheme the elec- 
tronic energy of the upper state is 6.41 volts agreeing with 


the level at 6.3 volts reported by H. D. Smyth in 1919 
and Levesley® in 1927. Until further evidence has been 
obtained, it seems most reasonable to assume that the 
initial level is a new electronic level in N». I have listed 


TABLE II. 
yw 4 5 6 7 8 
— 
. 2336 | 2404 | 2605 | 2760 | 2032 
0 
»42808 | 40584 | 38388 | 36232 | 34120 
2380 | 2511 
1 
42016 | 39824 


only the strongest and definitely similar bands in Table II. 
There are many other bands on the plates which agree 
with members of Vegard’s e«-system, but | believe that 
those bands really belong to other known or perhaps even 
new systems of bands. Vegard's ¢-system is probably a 
mixture of bands from several systems. More will be said 
about these other new bands in the future. 
Josern KAPLAN 
University of California 
at Los Angeles, 
November 14, 1933. 


' Kaplan, Phys. Rev. 42, 807 (1932). 

? Vegard, Skrifter Utgitt av Det Norske Videnskaps 
Akad. i Oslo 2, 24 (1930); Nature 132, 682 (1933). 

® Kaplan, Phys. Rev. 44, 783 (1933). 

‘Smyth, Phys. Rev. 14, 409 (1919). 

5 Levesley, Trans. Faraday Soc. 23, 552 (1927). 


A Convenient Proton Source 


In this investigation, whose object was the development 
of a convenient proton source, the discharge employed 
was a low voltage arc of the type described by Langmuir 
and Jones.' This type of discharge was suggested by 
Dr. Langmuir as an efficient ion source. The experimental 
tube contained an oxide-coated platinum-strip cathode; 
a concentric cylindrical auxiliary cathode three centimeters 
in diameter and six centimeters long; and two circular 
anode end plates each three centimeters in diameter. 
The one-eighth inch platinum strip was in the form of a 
hairpin extending the entire length of the tube with 
supports ard leads passing out through holes in the anode 
end plates. The coating material was a mixture of barium 
and strontium oxides. 

The arc was operated at hydrogen pressures ranging 
from 0.1 to 0.5 mm of Hg. One ampere arc current to the 
anode was easily realized with only 25 volts between 
emitter and anode. The ion current to the auxiliary cathode 
was about 150 milliamperes. A small fraction of these ions 


was drawn out through a slit in the side of the cylinder 
and was analyzed in the mass-spectrograph previously 
described.” 

The ratio of proton current to total current in the ion 
beam was studied as a function of the negative voltage of 
the cylinder with respect to the anode. For very low 
negative voltage the above-mentioned ratio was between 
10 and 15 percent. With increasing negative voltages and 
increasing pressure this ratio increased rapidly, reaching 
a value between 80 and 90 percent at 100 volts. Before 
this result could be obtained it was necessary to operate 
the tube for a number of hours in order to clean the 
metal surfaces by ion bombardment. 

Mixtures of hydrogen and helium with as much as 
twenty-five parts helium to one part hydrogen were also 


‘Langmuir and Jones, Science 52, 380 (1924); Phys. 
Rev. 31, 357 (1928). 
? Overton Luhr, Phys. Rev. 44, 459 (1933). 
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tried with about the same results as for pure hydrogen. 
No evidence of any helium ions was observed. 

A probable mechanism for the dissociation of the 
hydrogen is as follows. From work on accommodation 
coefficients of ions on metal surfaces it seems reasonable 
to suppose that the hundred volt ions striking the cylinder 
retain after neutralization between 80 and 90 percent of 
their kinetic energy. Since their masses are approximately 
equal to those of the gas atoms or molecules, they quickly 
reach thermal equilibrium with the gas, thus producing 
effectively a gas at a very high temperature. The chemical 
equilibrium data between atomic and molecular hydrogen 
as a function of pressure and temperature would then lead 
one to expect a high ratio of atomic to molecular hydrogen. 
At lower pressures most of the collisions of the high speed 
neutral particles are with the walls and thus the gas is 
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not raised to the effective high temperature. The mechan- 
ism just outlined is quite possibly that responsible in 
part for the dissociation in the proton source reported 
recently by Oliphant and Rutherford.’ 

The proton source here reported is believed to possess 
certain advantages: first, the small voltages needed for its 
operation are obtainable from storage batteries and thus 
require no elaborate apparatus and second, the total power 
required is small, being less than one hundred watts. 

E. S, LAMAR 
OVERTON LUHR 
George Eastman Research Laboratories, 
Massachusetts Institute of Technology, 
November 14, 1933. 


Oliphant and Rutherford, Proc. Roy. Soc. Al41, 259 
(1933). 


Li* Fine Structure and Wave Functions near the Nucleus 


The fine structure of the (1s2p)'P level of Li* has been 
calculated by using for the unperturbed level wave func- 
tions built up from F=r,(1+¢ cos @) exp (—xr,/2 —yre/2) 
by multiplication with the proper angle functions and for- 
mation of the antisymmetric part of the products. a, x, 
and y were determined by the Ritz variational method. 
The energy of the spin-free state assumed its minimum 
value —1.16404R, for x =0.3605, y=0.993, c= —0.009836. 
The expressions for the spin-orbit and spin-spin inter- 
actions used previously! to calculate the fine structure of 
He were evaluated for this wave function and gave 
C= —0.334, D= —1.040 cm. The energies of the triplet 
levels =0, 1, 2 are Eo +[—3(C+D), 2(D—C), 0], respec- 
tively, and the measurements of Schiiler? give C=0.016, 
D= —1.033. 

The variational process was conducted as follows. Since 
¢ is small and gives a very small contribution to the 
energy, it was first taken to be zero and x and y were 
varied, the values above giving a minimum energy. 
Keeping x and y fixed, the energy was then minimized 
with respect to c. The energy is very sensitive to a change 
in y, and the error in y caused by neglecting ¢ can hardly 
exceed +0.001. It may be that the best value of x is 


shiftéd slightly by lifting the restriction c=0, but a change 
in x of even 0.0002 changes C and D by less than one part 
in 500. Thus disagreement bet ween calculated and observed 
values of C is quite definitely present. 

As in He the disagreement is much smaller for the spin- 
spin interaction D than for the spin orbit interaction C. 
In both cases this is due to the fact that the spin orbit 
interaction is a sum of two opposing effects having the 
same order of magnitude. One may suppose that to some 
extent this situation is general also for heavier atoms and 
one may express a doubt as to the exactness of nuclear 
magnetic moments derived by using approximate theo- 
retical expressions for the spin-orbit interaction. 

We are indebted to Mr. J. Leiner for help with the 
numerical computations. 

Joun A. WHEELER 
G. BREIT 
New York University, 
University Heights, 
November 15, 1933. 


1G. Breit, Phys. Rev. 36, 385 (1930). 
* H. Schiiler, Zeits. f. Physik 66, 431 (1930). 


The Production of Positives by Nuclear Gamma-Rays 


The gamma-rays emitted by a nucleus may, when the 
energy of the rays is greater than the million volts necessary 
to produce a pair, be absorbed by the creation of an 
electron and a positive in the neighborhood of the nucleus. 
The probability of internal conversion by an atomic 
electron is very small for gamma-rays of high energy and 
elements of small atomic number, for this process depends 
essentially upon the Coulomb field of the nucleus and the 
consequent acceleration of the electron. In contrast to this 
atomic internal conversion, the production of pairs can 
occur even when the gamma-ray is emitted by a nucleus 
of negligible electrostatic field. 


This circumstance makes possible a very simple calcu- 
lation of the probability of internal absorption of the 
gamma-ray by pair production, in which one neglects 
entirely the effect upon electron and positive of the 
electrostatic field of the nucleus. A more detailed con- 
sideration shows that the results so computed should be 
valid whenever, for both particles of the pair, the quantity 
2nZe*/hv is small; here v is the velocity of the particle, and 
Z the nuclear charge. For light elements the method will 
thus give trustworthy results whenever this absorption is 
important; but with the heavier radioactive elements the 
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results may be expected to hold even reasonably well only 
for the hardest radioactive gamma-rays. 

The probability of pair production depends a little, 
though not nearly as much as the atomic internal con- 
version, on whether the gamma-ray is a dipole or a quadri- 
pole ray. If 7, «, «’, are the energies of gamma-ray, electron 
and positive, all in units so that ¢, = land y=e+€, 
this probability is 


for a dipole gamma-ray, and 
de} Spp'(ee’ —1) —2) In b} (2) 


for a quadripole. Here 


p=(e&—1)'; p’=(e" h=y ee’ + pp’ +1): a=2 re? he. 
For very high energy gamma-rays we obtain the asymp 
totic values 

(la 3x)}In (24)—-3 5} and (Qa (24) —01/39} 
- for dipole and quadripole, respectively. 

In the approximation here considered, the distribution 
in energy, as given by (1) and (2), is symmetric between 
the two particles. Because the nuclear field repels the 
positives and attracts the electrons, the positives will in 
fact tend to have higher energies; and when the gamma-ray 
is not too near the threshold, the mean energy of the 
positives will exceed that of the electrons by about aZ me°. 
For high energies the two particles tend to come off within 
a small angle of each other, though this effect is much less 
pronounced than for the pairs created by a beam of 
gamma-rays. It should be emphasized that these results, 
and the formulae given, are’ very insensitive to changes 
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in the field of the multipole, and the electrostatic field, 
in the immediate neighborhood of the nucleus. 

We may apply this theory to the observations of Curie 
and Joliot! who detected positives from beryllium and 
aluminum bombarded by the alpha-particles of polonium. 
This bombardment is known, in the case of beryllium, to 
produce gamma-rays of energy somewhat over five million 
volts, and we may take the yield of gamma-rays to be 
roughly 310° per alpha-particle. For this case (1) and 
(2) agree in giving about 219 * for the probability that 
a gamma-ray will produce a pair; and we are thus led to 
expect a yield of positives of about 610°" per alpha- 
particle. This seems consistent with the observations; but 
quantitative data are not available. For aluminum, on the 
other hand, it is necessary to assume a vield of very high 
energy gamma-rays at least fifty times the known yield 
of disintegration protons to account for the number of 
positives observed. This, together with the circumstance 
that, in absolute disagreement with the expected symmetry 
of the energy distributions, practically no high energy 
electrons were observed, makes it almost certain that the 
positives observed were not produced as pairs by the 
radiation from the disintegrating nucleus, and wholly 
confirms the distinction made by Curie and Joliot between 
the positives observed in the two cases. The positives 
observed in aluminum are, from the point of view of 
present theory, altogether unexplained. 

The intense gamma-ray of Th C”, with y~5, is known 
by its atomic internal conversion to be a quadripole ray. 
Here (2), which should still be right in order of magnitude, 
gives 510 ' for the probability of pair production, 

Leo NEDELSKY 
J. R. OPPENHEIMER 
University of California, 
November 18, 1933. 


' I. Curie and F. Joliot, J. de Physique 4, 494 (1933). 


Hyperfine Structure in the Tantalum Arc Spectrum 


The results given in this note were presented in full at 
the June, 1933, meeting of the American Physical Society 
in Chicago. The evidence leading to the determination of 
the value 7/2 for the nuclear spin of tantalum was not 
given in full in the published abstract.' This evidence is 
especially interesting since it was possible to determine the 
nuclear spin without any knowledge of the term analysis 


of the spectrum. A partial analysis has been published 
since? 
The spectrum was excited in a water-cooled Schiiler 


tube, and the hyperfine structure resolved by means of a 
Fabry-Perot etalon. The two lines on which the chief 
evidence rests are \\5997.24 and 6020.69, A reproduction 
of the original photograph of these lines, taken by the 
second author, is shown in Fig. 1, together with their 
microphotometer traces. The etalon separation was 5 mm. 
46020.69 can be interpreted only a transition between 
levels with J-values 1/2 and 3/2. The intervals can be 
fitted only if J is 7/2. The level scheme is shown in Fig. 2, 


in which the intervals and positions of components are 
given in cm '. The term identifications are from Kiess 
and Kiess. The agreement between the observed and 
calculated patterns is shown ir Table I. (The measured 


TABLE I. 
Position Intensity Position Intensity 

Component —(obs.) (obs.) (cale.) (calc.) 

A 0 33 0 15.9 

B 0.085 63 0.084 47.7 

193 100 .189 100 

D 65 349 45.4 

E 419 61 412 47.7 

F 41 490 34.1 


' Grace and MeMillan, Phys. Rev. 44, 325A (1933). 
? Kiess and Kiess, Bur. Standards J. Research 11, 
(1933). 
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Fic, 1. Interference patterns and microphotometer 


curves of AA\6929.09 and 5997.24. Etalon separation 5 mm. 
Frequency increasing toward the right. 


intensities are merely the heights of the microphotometer 
curve peaks, and therefore one expects the weak ones to 
appear too strong.) 

\5997.24 has 8 main components forming a “‘flag” 
pattern and one weak component, marked YX in Fig. 1. 
The fact that this really belongs to the pattern was shown 
by other photographs taken with different etalon sepa- 
rators. The intervals and intensities (in parentheses) are: 
(3)0.111 (32)0.143 (30)0.136 (28)0.124 (25)0.111 (23)0.199 
(22)0.095 (20)0.067 (17). 

If one assumes the validity of the interval rule, this 
pattern can be explained only by a transition in which 
T=7/2, J is large (of the order of 17 2), and both levels 
are split, the weak off-diagonal components being buried 
in the main pattern except the one marked Y. This 
interpretation was given at the meeting. But according 
to Kiess and Kiess the transition is 5d'6s*Dg.— 1% ». 
If this is right, the irterval rule must be grossly violated 
(ratio of first to last interval of flag pattern is 2.14, and 
should be 4). Nevertheless, the number of main compo- 
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Fic. 2. Term scheme for 6929.69, showing intervals and 
positions of components in cm-'. The letters correspond to 
those in Fig. 1. 


nents fixes the value of J definitely at 7/2. Recently 
Gisolf and Zeeman* have also found the value 7/2 for the 
nuclear spin of tantalum. 
Epwin McMILLAN* 
NORMAN S. GRACE 
University of California, 
November 20, 1933. 


* National Research Fellow. 
* Gisolf and Zeeman, Nature 132, 566 (1933). 
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Proceedings of The New England Section of the American Physical Society 


(MINUTES OF THE MIDDLETOWN MEETING, OCTOBER 14, 1933) 


HE third regular meeting of the New Eng- 
land Section was held in Middletown, 
Connecticut on Saturday, October 14. The Pre- 
siding Officers for the morning sessions were Pro- 
fessor E. C. Kemble, Chairman of the Section, 
and Professor S. R. Williams. The Presiding 
Officer for the Business Meeting and the after- 
noon session was Professor E. C. Kemble. 

About 80 were present at the Section’s morning 
meeting and about 130 at the afternoon session. 

The morning sessions were devoted to the 
reading of contributed papers, the abstracts of 
which appear below. 

A business meeting of the Section was held at 
noon. The Secretary-Treasurer reported that 131 
members had joined and paid their dues to date 
and that the Section had a cash balance of 
$279.29. 

The election of officers for the Section for the 
calendar year 1934 then took place. The officers 
elected were: 


PRoFEssor W. G. Capy, Chairman 

PROFESSOR LouIsE MCDOWELL, Vice-Chairman 

PROFESSOR P. M. Morse, Secretary-Treasurer 

PROFESSORS BLACK AND SAUNDERS, Members of 
the Program Committee 


Invitations were kindly extended by both 
Brown University and Williams College for the 
Section to hold its October, 1934, Meeting at 


their institutions. The decision about this meet- 
ing will be taken under advisement by the 
Program Committee. 

It was moved that the Program Committee 
take steps to change the date of this year's 
winter meeting from February to March, 1934, 
to avoid conflict with the Christmas Meeting of 
the A.A.A.S. 

A vote of thanks was extended to the members 
of the Physics Department at Wesleyan for 
their efforts which had made the meeting such 
a success. 

The Section had its lunch at the '92 Theater. 
President McConaughy of Wesleyan University 
was present and gave a speech of welcome to the 
Section. 

The afternoon session was devoted to invited 
papers. Professor W. G. Cady of Wesleyan 
talked on A Survey of Piezoelectricity. Professor 
\V. E. Eaton of Wesleyan gave a talk about some 
new experiments for the elementary physics 
laboratory. These experiments were on display 
in the laboratory and were inspected by the 
Section after the papers had been concluded. 

Dr. Karl K. Darrow of the Bell Telephone 
Laboratories gave a very interesting talk on 
Elementary Particles. 

The program of the Section consisted of 19 
papers, the abstracts of which are given below. 
An author index will be found at the end. 

Puitip M. Morse, Secretary-Treasurer 


ABSTRACTS 


1. Velocity of High Frequency Sound in Tubes. Garp- 
NER A. Norton, Cruft Laboratory, Harvard University. 
(Introduced by E. C. Kemble.)—A study of the velocity of 
high frequency sound in air in tubes has been undertaken 
in the effort to check the Kirchhoff-Helmholtz formula, 
which gives the decrease in sound velocity from the free 
space value as a function of tube diameter and frequency. 
A magnetostriction oscillator is used both as the source 
and detector of the sound wave system, in the resonance 
method similar to that of G. W. Pierce, who first used 


quartz crystals as high frequency sources. The results 
verify the Kirchhoff-Helmholtz relation at high frequencies, 
for all diameters and frequencies used, to 1 part in 1000 
or better. Any departure from the simple or ideal conditions 
of the experiment, however, leads to results which are not 
in agreement with the above law. The reduction in velocity 
in a very thin-walled tube is observable, though of small 
magnitude. The average free-space velocity as derived 
from the complete set of tube observations agrees to 
within 1 part in 4000 with the free-space value recently 
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obtained in these Laboratories by Dr. Grabau who also 
was using magnetostriction. Further, a careful investiga- 
tion has been made of frequency change of the source, near- 
source velocity value, and the avoidance of both air 
circulation and sound diffraction effects, in order to keep 
the experimental conditions which are postulated in the 
development of the theoretical formula. 


2. The Absorption and Reflection of Gold Between 
380A and 1400A. J. Linen anv H. M. O'Bryan, Massa- 
chusetts Institute of Technology.—With a one-meter vacuum 
spectrograph and a “hot spark” between carboloy elec- 
trodes, the reflection from gold mirrors at various angles 
of incidence, and transmission of thin gold films have been 
determined. Sputtered gold mirrors gave more reproducible 
reflecting powers than evaporated surfaces. At normal 
incidence 12 percent of 1000A is reflected with a gradual 
decrease to less than 1 percent of 400A. The absorbing 
films were evaporated on celluloid films about 10°* cm 
thick. The gold films appeared green by transmitted light 
and from their absorption in the region of 2500A to 6000A 
are estimated to be from 10°* cm to 310 cm thick. 
The absorption coefficient is about 5 x 10° per cm, showing 
that gold is almost as transparent as celluloid from 1000A 
to 400A. Films of silver and selenium show quite different 
absorption in this region. Preliminary calculation by 
means of Fresnel’s equations from the reflection data give 
values of the extinction coefficient which agree in order of 
magnitude with those from direct absorption. The oil 
coated plates used were tested for reciprocity failure in 
the near ultraviolet and in the extreme ultraviolet gave 
parallel characteristic curves indicating no failure of this 
law over an intensity range of thirty. The magnitude of 
the absorption in this region accounts for three electrons 
per atom of gold. This includes some of the O IV, V 
electrons as well as the conduction electron. 


3. The Reflecting Power of Aluminum and Its Alloys 
in Different Regions. D. H. CLEWELL AND J. WULFF, 
Massachusetts Institute of Technology.—The reflecting 
power of aluminum, beryllium, magnesium, silicon and 
silver alloys have been measured throughout the region 
2000-7000A at normal incidence by photographic intensity 
studies and by photoelectric measurements. The polished 
alloys have been compared with films of the same metals in 
reflecting power. Electron diffraction and chemical studies 
permitted a control of physical and chemical composition 
of the films. Here component metals were evaporated at 
the same time from different filaments at the proper 
temperature and separately. From the above data, the 
most efficient reflectors for the region of 2000 to 7000A 
have been determined; Al-Si 2000-3000A, Al-Ag 3000- 
60004. An 85 percent Al, 10 percent Ag, 5 percent Si 
alloy film has approximately the same reflecting power 
(80-85 percent) from 2300A-5800A. 


4. A Vacuum-Tube Voltmeter with Logarithmic Re- 
sponse. FrepericK V. Hunt, Harvard U'niversity.—A 
new vacuum-tube voltmeter which has a response pro- 
portional to the logarithm of the input voltage is described. 
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The operation of the device is based upon the distortion 
of the plate-current wave form occurring in a tube of the 
“variable-mu” type, and upon the use of a diode rectifier 
to select only that portion of the wave which has been 
“compressed” by the curvature of the tube characteristic, 
The elementary circuit may be cascaded for extension of 
the range of input voltage over which the response is 
logarithmic. The speed of response of the device to changes 
in signal intensity is practically unlimited, and the fre- 
quency fidelity is only slightly inferior to that of a com- 
parable impedance-coupled amplifier designed for the same 
frequency band. Commercially available tubes are used 
throughout. 


5. Electron Attachment and Negative Ion Formation in 
Oxygen and Oxygen Mixtures. Norris Brappury, Na- 
tional Research Fellow, Massachusetts Institute of Tech- 
nology.—A direct method is employed to determine the 
probability of electron capture in oxygen and oxygen 
mixtures. The principle of the method lies in the analysis 
of a mixed current stream at two points along its path by 
means of wire grids which permit only the ionic fraction 
of the current to pass when a high frequency field is applied 
between adjacent grid wires. A means of measuring the 
mobility of the electrons is also possible. The probability 
of attachment has been determined for oxygen, air, and 
mixtures of oxygen with rare gases. The probability of 
attachment is a marked function of the electronic energy, 
decreasing with increase in electronic energy. In oxygen 
and in all mixtures with oxygen, however, there is an 
increase in the probability of attachment occurring at 
approximately 1.6 volts electronic energy. This can be 
definitely explained as being due to the appearance of 
low energy electrons following inelastic impacts with O, 
molecules. The energy at which these inelastic impacts 
begin is well correlated with the first excited level of the 
O, molecule which is 1.62 volts above the ground state. 


6. Cosmic-Ray Counters and Cosmic-Ray Counts. G. 
F. Hutt, Dartmouth University.—A discussion of some 
characteristics of counting devices and a comparison of 
counts obtained for single tubes and for tubes combined 
to give directional effects. 


7. Directional Effects in Electron Diffraction from 
Single Crystals. G. A. Morton, Massachusetts Institute of 
Technology.— Electron diffraction photographs, in the form 
of oscillation diagrams near grazing incidence, were made 
from the cleavage surfaces of cubic crystals. The pictures 
show that the resolution of the diffracted spots varies 
with the azimuth of the crystal, being low when the 
incident beam is in the direction of a cube edge or diagonal 
and high when it is at other angles. This effect was found 
in sodium chloride and in sodium fluoride. Possible 
explanations will be discussed. 


8. X-Ray Diffraction in Long Chain Liquids. B. EF. 
WARREN, Massachusetts Institute of Technology.—The 
diffraction of x-rays in long chain liquids is calculated by 
the method of Zernicke and Prins and comparison made 
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with the experimental results of G. W. Stewart. In the 
liquid, the long cylindrical molecules are arranged quite 
at random in space and orientation, except insofar as the 
condition for relatively dense packing necessitates that 
about any one long molecule, the nearest neighbors be 
roughly parallel. The main peak is due to a concentration 
of scattering matter at a distance about 8 percent larger 
than the lateral distance between chains. The inner peak, 
which is observed for the alcohols and the fatty acids, 
measures the distance from the heavy end group to the 
gap at the opposite end. For relatively long chains this 
distance becomes equal to the chain length. 


9. Rotation-Vibration Coupling in Diatomic Molecules. 
C. L. PeKertis, Harvard Observatory and Meterological 
Laboratory, Massachusetts Institute of Technology. (Intro- 
duced by P. M. Morse.)—The wave equation for the 
nuclear motion of a diatomic molecule with a Morse poten- 
tial function and the rotational term included is solved. It 
is found that a, and D, in the equations for the coefficients 
of the rotational terms in Kratzer’s formula, B,=B, 
—a(v+}), and D,=D,+8(v+}), are given by 


= (2x0. / we) [3(B./x.we)! — (3 Be/Xew) (1) 
and 
D,= —4B3/w2. (2) 


Eq. (2) agrees with Kratzer’s formula, while (1) differs 
from the corresponding relation in Kratzer’s formula by 
the term in brackets. This term is fairly constant for a 
number of molecules and is equal to 0.7+0.1, as was 
found empirically by Birge. Values of a computed from 
(1) are in good agreement with observed values for many 
molecules. 


10. A Potential Function for the Vibrations of Diatomic 
Molecules. Mitt arp F. MANNING, Massachusetts Institute 
of Technology, and NATHAN Rosen, National Research 
Fellow, Princeton University._-An expression of the form 


2r/P Ae =] 


kel 


has the proper general characteristics for a diatomic 
molecule potential function. The solution of the radial 
part of the Schrédinger equation for this potential is: 


R/r=(1—2)8=" F, 
where 


The function F is a terminated hypergeometric series. 


The allowed values of the energy are given by: 


A-—sB 
2(8+) 


The dissociation energy for a given wo, wx, and fr is 


greater than the quantity w»"/4a x given by the Morse 
function. 
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11. A New Treatment of the H, Molecule. H. M. 
James A. S. CootinGe, Harvard University.—The 
basic state of the H, molecule has been treated by a form 
of the variation process characterized principally: (1) by 
the treatment of the molecule as a unit, rather than as 
an association of atoms; (2) by the recognition of the fact 
that the wave function for this molecule should be a 
function of five coordinates rather than of the four com- 
monly used; and (3) by the introduction of variable 
parameters of such character that the labor of adjusting 
them is reduced to a minimum. The results obtained for 
the dissociation energy are of a new order of accuracy for 
such computations and should be more reliable than any 
yet obtained from experimental data. We find 4.46+0.02 v, 
as compared with the experimented 4.46+0.04 v of 
Davidson. Our wave function has been studied and 
compared with the other wave functions used for the 
description of the molecule; the difference is most marked 
in those parts of function space where the electrons are 
close together. The function (H7—E)y has been evaluated 
for several points and confirmation of the results stated 
above was obtained. Other possible applications of the 
method are discussed. 


12. The Virial and Molecular Structure. J. C. SLATER, 
Massachusetts Institute of Technology.—The virial theorem 
can be applied to a molecule, assuming that external forces 
are applied to keep the nuclei fixed. The mean electronic 
kinetic energy is then the negative of the mean total 
internal energy, plus a term arising from the virial of the 
external force. Since the external force is derivable from 
the knowledge of the total internal energy as function of 
nuclear position, this theorem gives a means of finding 
kinetic and potential energy separately, for all configura- 
tions of the nuclei, as soon as the total energy is known, 
from experiment or theory. By using simple forms of 
curve for total energy, for the diatomic molecule, the 
kinetic and potential energy are derived and discussed. 
The curves give direct indication of the formation of the 
covalent bond, in cases where this occurs, by describing 
the removal of charge from the atoms to the region between 
the atoms, with resulting decrease of kinetic energy, 
increase of potential energy. 


13. The Band Spectra of the Halides of Aluminum. 
F. H. CrRawrorp C. F. Harvard Uni- 
versity.—Photographs have been taken at various disper- 
sions of the discharge through the vapors of the tri- 
chloride, tri-bromide and tri-iodide of aluminum. (Work 
on the tri-fluoride is in progress.) The results are distinctly 
different in the three cases. With AICI; a well-developed 
group of red-degraded bands extending from 2550 to 
2900, about 75 in all, was observed. Of these the stronger 
were obtained by Jevons (Proc. Roy. Soc. A106, 174 
(1924)) who was not able to find a satisfactory vibrational 
assignment. It now seems that two overlapping systems 
must be present, although until photographs at higher 
dispersion are available this cannot be definitely settled. 
With AIBr; a well-developed system of 40 red-degraded 
bands in the region 43065 to \2745 is found, These bands 
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are new and presumably due to AlBr. The frequencies 
of the heads are given approximately by 2,=35,850.1 
+288.55v’ —9,25v* — 375.10" +1.5e. This gives w,’ = 297.8, 
x. =0.03, =376.6 and x,’’=0.004. In the case of Alls, 
using the greatest range of pressures possible, a continuous 
spectrum of considerable intensity extending from the 
visibie to 42300 appeared. It does have here and there a 
faintly banded appearance but is different from the 
spectrum of I, under the same conditions. We are in the 
process of photographing these bands at higher dispersions 
and hope to report the results in the near future. 


14. Emission and Absorption of Radiation. W. W. 
HANSEN, National Research Fellow, Massachusetts Institute 
of Technology. (Introduced by J. C. Slater.)—Solutions of 
the vector wave equations in polar coordinates used by 
Mie and Debye are discussed and their properties derived. 
They form an orthogonal vector set inside a sphere and 
any vector wave with vanishing divergence is expansible 
in this set. The radiation in a spherical box can be specified 
by the expansion coefficients of its vector potential. 
Following Dirac these coefficients are used as coordinates 
and the Einstein A and B coefficients determined by 
treating the interaction of an atom with the radiation 
field by perturbation methods. Because each of the 
functions used to describe the radiation corresponds to a 
particular type of radiation, as electric or magnetic dipole, 
quadrupole, etc., the dipole, quadrupole, etc., transitions 
of the atom are completely and naturally separated. The 
vector potential at a great distance from a complex of 
currents is expressed in a new form by using functions 
related to those described above. With this expression to 
compute the radiation from an atom with a given current 
distribution, Einstein A coefficients in exact agreement 
with those obtained by the Dirac method are found. 


15. Asymmetries of Pressure Broadened Lines. HENry 
MARGENAU, Yale University.—Experiments have disclosed 
peculiar asymmetries in the intensity distribution of 
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pressure broadened lines. The present paper is devoted to 
their explanation. The simple case of a one-dimensional 
gas is considered and an expression for the line contour 
developed. By graphical methods we have calculated the 
line contours corresponding to three typical interaction 
curves. The conclusion is that, by taking proper account 
of the repulsive portions of the energy curves, the empiri- 
cally found asymmetries can be reproduced. 


16. The Characterization of Physically Admissible Wave 
Functions. E. C. Kemsie, Harvard University.—Since the 
Hamiltonian operator H in Cartesian coordinates is not 
Hermitian with respect to all quadratically integrable 
functions, it .is proposed to restrict physically admissible 
wave functions to a linear manifold X characterized as 
follows. (a) Every function y¥(x) in X is single-valued 
and analytic at every non-singular point of the Schrédinger 
equations. (b) Both y and x"y (x being any Cartesian 
coordinate) are absolutely and quadratically integrable. 
(c) ¥ and its derivatives of all orders with respect to 
Cartesian coordinates approach zero at infinity. (d) In 
the neighborhood of a singular domain, 7;;=0, y and rj; 
grad y are continuous. (e) The properties postulated for y 
are shared by Hy. H is Hermitian with respect to X 
and the problem of finding solutions of Schrédinger’s first 
equation which belong to X (eigenfunctions) is reducible 
to variational form. Solutions of Schrédinger’s second 
equation, 2xHy =thy, which belong to X at to belong to X 
at any other time ¢. The scalar product of any two X-type 
solutions of Schrédinger’s second equation is constant in 
time. It is not difficult to modify postulate (d) to adapt 
it to the Dirac theory of the hydrogen atom. 


17. A Survey of Piezoelectricity. W.G. Capy, Wesleyan. 


18. New Experiments and Apparatus for the Elementary 
Physics Laboratory. V. E. Eaton, Wesleyan. 


19. Elementary Particles. K. K. Darrow, Bell Tele- 
phone Laboratories. 
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